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Summary 
orne data was collected and reported for seawater desalination in the 
gu lf region .  orne information is also given regarding the multi - stage 
flash (MSF) desalination plants in the United Arab Emirates.  The total 
installed capacity of these plants is 5 1 8 MIG.  It was revealed that the 
water demand in the Abu Dhabi Emirate alone has increased by 30 
folds during the last 25 years . 
A literature survey was conducted mainly on modeling and simulation 
of MSF desalination processes .  A number of commercial software such 
as Speedup Camel ,  and EvapoLund were reviewed with special 
emphasis on EvapoLund that has been used as the process 
imulation tool in the thesis .  
Brief descriptions are given for different multi - stage flash 
desalination processes including single-stage MSF,  once - through 
MSF,  brine - mi.x MSF, and conventional brine - recycle MSF. 
Two MSF desalination p lants at the Al-Taweelah dual-purpose power 
and desalination complex in Abu Dhabi were selected for study. Both 
are similar to each other, but designed , built and installed by different  
companies. The main objective was to  check some of the design data 
provided by the contractor and to evaluate the plant performance at 
fouled operating conditions.  
A brief mathematical background is given including mass and energy 
balances, and rate equations for the conventional brine - recycle MSF 
process .  The simulation results obtained, u sing the  commercial 
software EvapoLund,  revealed some discrepancies for one of the 
plan ts  is chosen as case study and rather good resemblance for the 
other plant .  I t  was also established that acid wash for one of the 
plants was needed to restore the value  of its overall heat transfer 
coefficien ts  to the design 
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values .  The U-value for the other plant were computed u sing design 
data at clean and fouled conditions .  
U ing some data available from the contractor, an economic 
evaluation was made to establish the real unit  production cost . The 
annual capital cost, annual operating cost, and the water unit  cost 
wer calcu lated a 0 . 39 ,  l . 1 6 ,  and 1 . 55 $jm3 ,  respectively. The last 
figure is equ ivalent to 5 . 72 Dhsjm3 .  
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1. Introduction 
Water i the main source of l ife on this planet ,  and wherever it i s  
found,  a civilization will be .  Settlements are always located on the 
bank of river , and even in the middle of the desert , people live and 
fight  for their 0 \  n groundwater wells. 
Our region , the Arabian Peninsula, is  one of the poorest regions of the 
world in water resources, Water shortage is a growing problem and 
alternatives are sought at h igh prices .  One of the alternatives is 
desalting seawater to produce drinking water .  Our  oil rich region is 
located on three differen t seas , and that makes desalination the most 
feasible solution .  Human growth , industrial development, and 
agricu ltural needs are the main reasons for the increase of water 
demand .  
Many eav,;ater de alination processes were tested and tried in the 
region,  and the Multi-Stage Flash (MSF) process became the most 
redominant  method since its first application in Kuwait in 1 960 .  
1.1. Historical development of the Multi-Stage Flash process 
Professor Silver developed the MSF process in the late fifties, and 
since then it has been widely u sed. Abu-Dhabi emirate 's experience 
with this technology started in 1 969 with six Weir Westgarth distillers 
of a capacity of 2 MIGD each that were built in Abu Dhabi Power 
Station .  In 1 975 ,  fou r  Sidem distillers were constructed at an installed 
capacity of 3 MIGD each .  Abu-Dhabi Power Station had a total output 
of 24 MIGD . 
The dual - purpose complex at Umm Al-Nar Power Station ,  located in 
Umm Al-Nar Island ,  which is only 1 5  kilometers away from the center 
of Abu-Dhabi Island,  has a total installed capacity of 88 MIGD has 
two main plants .  U . A . N .  East has three Sidem dist illers at a capacity 
of 6 M G D each - built in  1 979,  and three I talim p ian ti distillers at a 
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capacity of 7 . 2  MGD each - built in 1 987 .  U . A . N .  West consists of six 
I . H . I  of Japan with capacity of 4 MGD each bu ilt in 1 980, and four  
idem distillers at a capacity of 6 MGD each - built in  1 984 . 
Al-Ta\ eelah I land is 75 kilometers away from the capital city, and is 
intended to be the heart of the Al-Taweelah Industrial City. 
The first phase of Al-Taweelah Power Station was constructed and 
commi ioned in the ear 1 989, and consisted of three Sidem 
di  til ler at an installed capacity of 7 MGD each .  
Another distiller was installed later on,  having a total capacity of 28 
MIGD each and was called AI-Taweelah A.  
AI-Taweelah B was commissioned in the year 1 996 ;  it consisted of six 
I ritecna distillers at an installed capacity of 1 2 .7 M GD each - the 
biggest u nit capacity at that time [ 1 ] .  
Due to the rapid increasing demand for desalinated water, three new 
projects \vere approved and constructed in AI-Taweelah Power Station .  
AI-Tav,:eelah B extension has three Hitachi-Zosen distillers at a 
capaci ty of 7 . 7  M G D each -built in 1 999;  this proj ect is going to be 
explained in some more detail in the case study.  
The total dai ly production of  the whole Power Station is 1 77 MIGD 
and it is  mainly u sed to provide fresh water for the region confined in 
the area between AI-Taweelah , Abu-Dhabi I sland, and AI-Ain City. 
Al Mirfa town is located on the coast 1 00 killometers away from the 
capital city, it is the center of the western region of  Abu-Dhabi 
emirate . AI-Mirfa Powerstation was built in the year 1995, it consists 
of three Ansaldo distillers at a capacity of 5 . 5  MIGD . Due to the 
increasing demand in the western part of Abu-Dhabi emirate another 
phase was buil t ,  three more distillers at  a capaci ty of 7 .2  MIGD were 
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built by Ansaldo.  The total installed capacity of the powerstation is  38 
MIGD . 
Table 1 . 1  d i  plays the different  dual-purpose power and desalination 
plants in Abu Dhabi Emirate . 
Table 1 . 1 : M F desalination plants in Abu Dhabi Emirate 
Capacity # of 
Plant Year Manufacturer Units Total 
MIGD 
Abu-Dhabi 1 969 Weir 6 2 1 2  * 
pO\\,'er Westgarth 
station 
1 975 Sidem 4 3 1 2  
1 979 Sidem 3 6 1 8  
Umm Al- ar 
power 1 987 I talimpianti  3 7 . 2  2 1 .6 
station 
1 980 I . H . I . ,  Japan 6 4 24 
1 984 Sidem 4 6 24 
1 989 S idem 4 7 28 
AI-Taweelah 1 996 Iritecna 6 1 2 . 7  76 .2  
power 
1 999 H itaci-Zosen 3 7 . 7  23 . 1 station 
2000 Hang Jong, 4 1 2 . 5  50 
Korea 
AI-Mirfa 1 995 Ansaldo 3 5 . 5  1 6 . 5  
power 
station 2002 Ansaldo 3 7 . 2  2 1 .6 
Total of MSF capacity of the emirate of Abu-Dhabi 315 
* These distillers have been scrapped 
1 ] 
In the year 1 998 , Abu-Dhabi Water and Electricity Authority accepted 
the idea of privatizing new projects of power and water production .  
International investors will  share the cost - lower than 50 % of the 
total cost - of bu ild ing a new Power Station , the company runs the 
power tation for an approved period - between 1 5  to 25 years while 
the government pay for the produced e lectricity and water. 
The first private project was the Emirates-CMS Company in Al­
Taweelah powerstation ; i t  has four  Hang Jong (Korea) distillers at a 
capacity of 1 2 . 5  MGD each - built in 2000 [2 ] . The total dai ly 
production of the whole Power Station is  1 77 MIGD and it  is main ly 
u ed to provide fresh water for the region confined in the area between 
Al-Taweelah area, Abu-Dhabi I sland ,  and AI-Ain City .  
More proj ects are to come up  to fulfi l l  the demand in the Emirate of 
Abu-Dhabi ;  l ike Al-Showaihat Company U . N .  B.  Figures 1 . 1  and 1 . 2 
clearly show that the water demand in  the Abu- Dhabi Emirate has 
increased by 30 folds during the last 25 years, and is expected to 
reach 500 MIGD by the year 20 1 0  [3 ] .  The latest data available on 
future production is obtained from Tebodin 's master plan for water in 
the Emirate of Abu-Dhabi ,  as displayed in figure 1 . 3 [4] . 
The United Arab Emirates produces 5 1 8 MIGD of  d istilled water by 
MSF desalination ,  this information is  obtained by direct 
communication with colleagues working in the \vater au thorities of 
UAE. The Emirates of Ajrnan , Umm AI-Qewain, Ras AI-Khaimah , and 
Fujairah rely on non M S F  desalination ;  l ike Reverse Osmosis and 
Mu ltiple Effect Desal ination . The national distribu tion of MSF plants 
in  UAE is  shown in table 1 . 2 .  
1 2  
Table 1 . 2 :  Installed capacity of MSF plants in UAE (2002) 
Emirate MSF capacity Share 0/0 
Abu Dhabi 3 1 5 6 1  
Dubai 178  34  
Sharjah 25 5 
Other Emirates  0 0 
Total 518 100 
For the Gulf Co-operation Countries (GCC) , the total demand for water 
in  m il lion cu bic meters per year is displayed in figure 1 .4 .  The average 
consumption ( liters/ day / capita) for some cities of the world,  major 
cities of the GCC are included , i s  given in figure 1 . 5 [5] . 
All of the above information shows clearly the problem of shortages of 
water resou rces in this region ,  and approves vividly that desalting 
semvater is  the most sustainable long-term solution . 
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Figure 1 . 2 :  Water demand for the emirate of 
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2. Literature Survey 
Thermal desalination processes are known to be very energy-intensive . 
The main economic factors that strongly affect the annual cost of an 
evaporation process are the capital ( installed equipment cost) and 
energy (mainly steam) costs .  The process configuration strongly 
depends on these costs that prevail at a specific location or country. 
The u ltimate objective is to maximize the plant capacity and minimize 
the total annual cost . 
Computer simulation of complex plants ,  such as the multi-stage flash 
(MSF) desalination plants ,  offers some major advantages .  Optimization 
of the design of new plants ,  and performance evaluation of existing 
plants under different operation conditions are examples of such 
benefits .  Training of plant engineers and control  room personnel ,  and 
on-l ine monitoring of plant  performance are other advantages .  
El-Dessouky and Bingulac solved the system of equations for 
predicting the behavior of MSF desalination plants  u nder steady state 
operating conditions [6] . 
In  a similar study ,  AI- M u taz and Soliman reported a method for the 
simulation of MSF desalination plants [7] . 
There is  a number of software available for the simulation of MSF 
desal ination plants .  Each software has its own characteristics,  
advantages and disadvantages .  The most recently developed computer 
software are described in the fol lowing in some details .  
Jernqvist et al . presented a general computer code , called EvapoLund ,  
for all types of  evaporation and flashing processes [8 ] . The code i s  
written in  Delphi with advanced graphic capabil ity .  The user can 
easily construct the flow sheet of the process on the screen.  The 
output data can be displayed e ither graphically ,  or converted as a text 
file ,  or in any other form chosen by the user .  The results can be 
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studied both for the whole plant such as concentration , temperature ,  
and pressure profiles, and for a particu lar piece of equipment in the 
plant .  
The program is modular in structure and includes a number of  
modules  describing different types of evaporators and heat 
exchanger , condensers, flash chambers, compressors, steam jet  
ejectors, etc . It also includes mixing and splitting modules for liquid, 
steam and vapor streams .  Each module has its own mathematical 
model ,  and each stream in the plant has fou r  independent variables 
namely mass flow rate, temperature, salt concentration and pressure . 
The program also includes a comprehensi e database for the physical 
properties of seawater as well as other liquors. There is a library 
containing correlations u sed to compute heat transfer coefficients for 
different heat transfer surfaces and flow regimes .  Account is made to 
all thermodynamic losses in the process such as boiling point 
elevation, non-equilibrium allowance inside the evaporators and 
flashing chambers, temperature drops due to pressure drops in 
demi ters, transmission lines, and condensers. 
Designed to be very flexible,  the program can be u sed as an excellent 
tool for the simulation ,  design of process flow sheet, rating of all types 
of thermal desalination processes, as well as for sensitivity studies of 
different process parameters . 
Design engineers can u se the software for process optimization .  For 
the design of a new desalination process, EvapoLund can be efficiently 
u sed to optimize the process flow sheet that satisfies the overall 
objective of maximum capacity and minimum cost .  It can also be used 
as a powerful  simulation tool to investigate the technical feasibility of  
different alternatives for upgrading the  plant performance of  an 
existing desalination plant .  For instance , the flow sheet can be 
modified to increase the process capacity without  increasing steam 
consumption . Minor or  major flow sheet modifications can easily be 
1 8  
simulated if  the objective is  to decrease energy cost keeping plant 
capacity at  its current level .  Changing the operating conditions of the 
plant and/or incorporating additional heat exchangers or expansion 
vessels into the existing plant are examples of minor flow sheet 
modifications .  Major modifications may include the use of mechanical 
compressors or steam ejectors, adding more evaporators, or changing 
the type of the heat transfer area of existing ones. 
Depending on the requ ired objective , different combinations  of these 
modifications can easily and most efficiently be investigated 
irrespective of the complexity of the flow sheet. 
Another u se of this software is for on- line monitoring of process 
performance . Different types of scale are deposited on the heat 
tran fer surfaces due to the direct contact between the l iquor to be 
evaporated or condensed and the heat transfer surface where the 
heating or cooling medium is flowing. This problem is  experienced 
nearly in all evaporation processes covering a wide spectrum of 
different industries .  Beside reduction in process capacity and in plant 
production during shutdown periods ,  scale formation can be a real 
p lague and costly washing and clean ing schemes must be undertaken 
to restore the process efficiency.  
In  an effort to optimize the cleaning scheme in a major food indu stry,  
a special version of the progran1 has been designed and is  currently 
being tested [8] .  I t  i s  integrated in a data acquisition system where the 
appropriate sampling frequency can be set .  A l imited number of 
process variables are measured and the software u ses the collected 
data for on-line monitoring of the process performance . This is done 
by the continuous computation and graphical display of the heat 
transfer coefficients in the heat transfer equipment of interest to the 
p lant operators. The system compares the calculated and the design 
values of the heat transfer coefficients and triggers an alarm in case of 
any malfunction that affects these values.  This would alert the plan t  
1 9  
operators to bypass the mal functioning equipment and start its 
cleaning scheme . This version should be extremely u seful to the plant 
engineers in situations such as start-ups,  shutdowns,  and different 
operating load . For instance , it is easy to determine which process 
variabl s and how much these should be tuned to shift a plant from a 
partial load to a fu ll load mode of plant operation .  
Rimawi e t  al . developed and solved a dynamic mathematical for the 
imulation of MSF desalination plants under transient operating 
conditions [9] . The plant  behaviour was simulated u sing step 
disturbances in a number of process variables.  
Falcetta and Sciubba developed a modular simulator, called CAMELTM, 
for the transient simulation of power and MSF desalination plants 
[ 1 0 ] . The AI-Taweelah B MSF p lant in Abu Dhabi was simulated under 
steady and unsteady state operations,  and the simulation results were 
compared to actual operating data. Being capable of transient process 
simulation,  this software can be used to predict the transient behavior 
of the plant u nder real conditions such as start-ups ,  shutdowns, and 
different operating loads .  I t  can also be developed to design control 
strategies for the plant .  
The dynamic simulation model by Mazzotti and Rosso [ 1 1 ] was 
specially developed for MSF desalination plants .  The steady state 
conditions for the p lant have to be calculated first , and then u sed in 
the dynamic part of the model .  The Gain output ratio (GOR = kg 
disti l late/kg steam)  was u sed in evaluating the performance of the 
u nit. The study was divided in four  scenarios of d ifferent  operating 
conditions :  
a. Increasing seawater temperature from 30 to 33  ·C; this is  done to  
simulate the  difference between day and n ight .  The GOR value 
was almost constant at 5 . 1 8- 5 . 1 5 , while the flow rate of the 
distillate decreased by 5%. 
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b .  The temperature of seawater was unrealistically decreased from 
3 5  ·C to 25 ·C ,  and the steam temperatu re was 1 00 ·C .  The GOR 
was increased 1 3%, while the distillate product jumped 1 4%.  
c.  The flow rate of seawater was dropped by 1 0%,  from 1 1 . 3  . 1 06 to 
1 0 .3  . 1 06 kg/ h ,  while its temperature was kept at 30 ·C and the 
TBT at 1 00 ·C .  The GOR dropped by 7%, while the flow rate of the 
d istillate decreased by 5%. 
d. The saturation temperature of steam entering the brine heater 
was increased from 1 00 ·C to 1 1 0 ·C in order to simu late 1 00% 
load situation (30 ·C and 1 1 . 3  . 1 06 kg/ h ) .  The result \: as an 
increase by 1 0% in both the GOR and the flow rate of the 
distillate. 
D EEP modeling is  used to simulate dual-pu rpose power and 
desalination plants [ 1 2 ] . A co-generation plant was simulated with 
MSF ( 1 0 .6  MIGD) and M ED (30 stages & 3 M IGD) desalination u nits, 
and the simulation results were compared to choose the optimu m  
design . The base design layout was a gas turbine, a distiller, and a 
solar pond. The plant works only on peak demand - from 1 7 :00 to 
22 :00 - to supply the needed water and electricity. Comparison was 
based on technical and economical values. Operational modes of 30 
MWe and 1 20 MWe were considered for comparison .  The results 
showed that this design is  very practical for the production of large 
amounts of water, decreasing the cost of production,  and reducing the 
thermal pollution caused by gas turbines . 
The Abu Dhabi Water and Electricity Department contracted the 
Babcock Company, in co-operation with the University of Aachen , 
University of Bremen , Todd & Associates, and Wangnick Consulting, 
to study the possibility of optimizing existing desalination plants [13]. 
The performance of six MSF desalination u nits in Abu Dhabi were 
studied between minimu m  and maximum operating conditions .  The 
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operation variables considered included TBT, temperature of cooling 
eawater, and the flow rate of the recycled brine . Four  main optimum 
conditions were to be achieved . These are minimizing thermal and 
electrical energy, maintaining stable operations conditions ,  reducing 
chemical addition,  and lowering fouling rates. 
The de ign of the six MSF desalination units was simulated by 
soft\\'are developed by Bremen University. S ince brine traveling 
between stages and brine level has a great effect on operation 
parameters, the performance of orifices was simulated individual ly for 
all u nits .  Most of the work was focused on the factors that disturb 
brine flow, brine level movement and stability, and operation . The 
simulation results were plotted in a d iagram that shows the relation 
between the operation parameters, performance ratio and percentage 
of partial load . The operation modes were l imited to fi\ e factors . These 
v,:ere the allowable TBT, the maximum allowable flow rate of brine -
restricted by the capacity of pumps, the maximum operational brine 
flow rate,  the minimum brine allowable velocity i nside the tubes, and 
the blow through - air leak between stages due to low brine level .  
The decision for optimum operational modes u nder partial and 
nominal conditions can be made by choosing a h igh performance ratio 
(h igh temperatures  and low tube velocity) , and low fouling rates (high 
tube velocity and low temperatures) . 
The software can be u sed to simulate the effect of fou ling on brine 
level in  the first flash stages, the effect of venting problems or oil  
leaks, the effect of orifice settings, and the effect of  raising cooling 
water temperatures  during partial load operation without reducing the 
TBT.  
The study showed that brine transfer simulation is  required for fu ture 
design of MSF desalination plants to investigate brine flow control 
during startup and shutdown operation , operation under partial load 
mode, and to study the need of brine hot wel l  at the last flash stage . 
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In an earlier study, Omar developed a stagewise mathematical model 
to predict the performance of MSF desalination plants [ 1 4 ] .  His 
math matical model , called " SWEDC', included material and energy 
balances, together with kinetic , equilibriu m, and control relationships.  
Each tream in the plant has four  independent variables namely mass 
flow rate, temperature, salt  concentration and pressure. A simulation 
program was developed to solve the mathematical model . The input 
data are the basic information for the plant to be simulated and the 
ou tpu t data included heat transfer areas, flow rates etc . Several 
modifications of the parameters were made until a u niform and 
balanced solu tion was reached . 
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3. Multi-Stage Flash (MSF) processes 
The Multi- tage Flash (MSF) is the dominating thermal desalination 
proces for the production of potable '\ ater from saline water. The 
other thermal proces es include the Multiple Effect Desalination 
(MED) and its different process configurations .  
The M F process depends on flashing the brine when it enters a flash 
chamber that is maintained at lower pressure compared to the 
entering brine. No external thermal energy is supplied to the the flash 
chamber. 
The MED peocess depends  on boiling the brine in the heat transfer 
area of an evaporator vessel by supplying thermal energy through a 
heating medium such as steam or exhau st gases .  
A brief description is given in  the following sections  for the different 
configurations of the MSF desalination process.  
3.1 The single - stage flash process 
Consider a very simple process using a brine heater and one flash 
chamber containing of condensing tubes, demister, brine pool, and 
distillate trough , as shown in figure 3 . 1 .  The single stage flashing 
system is not used in practice because of its very low performance 
ratio ( less than 1 ) ,  beside its small production capacity.  However, the 
main reason of studying this system is to understand the basic 
principles of the MSF process.  For instance, mathematical modeling, 
u sing analytical rather than numerical models, of this simple process 
will enable u s  to assess the effect of variou s  process variables on the 
system performance. 
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3.2 The once-through MSF process 
Thi process configu rat ion includes mainly a number of flashing 
stage and brine heater. As shown in figure 3 . 2 ,  the temperature of 
intake seawater is  increased as it flows through the 
preheater/condenser tubes of each stage . The intake seawater as it 
flows from the low temperature to the high temperature side of the 
plant .  The seawater leaving the last preheater / condenser enters the 
brine heater, where its temperature is increased to the desired top 
brine temperature (TBT) . The heated brine flashes off as it flows 
through the successive stages,  where its temperature decreases .  The 
flashing process results in the formation of a small amount of vapor in 
each stage . The vapor passes through the demister pad, which 
removes any entrained brine droplets .  The flashing vapor is then 
condensed around the preheater / condenser tubes in each stage . The 
latent heat of the condensed vapor is u sed to preheat the seawater 
stream flowing inside the tubes .  The condensed vapor is collected into 
the distillate-collecting tray and flows across the stages, where it 
leaves  the plant from the last stage . The flashing process reduces the 
brine temperature and increases its salinity.  
I t  should be noticed that no recycling of any portion of the 
u nevaporated brine is  made into the system .  Also, this process 
configuration does not contain a cooling water stream . The rejected 
brine stream, leaving the last stage , has a low temperature and a large 
flow rate, and contains the thermal energy that m u st be removed from 
the  system .  
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3.3 The MSF brine m ixing process 
The process flow sheet for this configuration is similar, to some extent ,  
to the heat recovery section of the MSF with brine circulation and the 
once through processes . The system contain s  three main sections; 
the brine heater, the flashing stages,  and the brine mixing tank .  Part 
of the unevaporated brine stream together with the make up water 
flow from the cold side of the plant to the hot side, while both the 
distillate and flashing brine streams flow in the opposite direction.  
As is  shown in figure 3 . 3 ,  saturated live steam is  u sed in the brine 
heater to increase the temperature of the u nevaporated brine to the 
top brine temperature (TBT) . The heated brine now enters the first 
flashing chamber, where a small portion of distillate is formed. The 
flashing process continues throughout the stages,  where small 
amounts of distillate product are formed in each stage. As a result of 
water flashing, the brine salinity increases across the stages . The 
maximum permissible value of salt concentration is limited to about  
70 ,000 ppm in order to  prevent formation of calcium sulfate scaling. 
The formed vapor passes through the demister to remove any 
entrained saline droplets .  The vapor condenses on  the outside surface 
of the preheater / condenser tubes, where the u n  evaporated brine 
flows .  The vapor releases its latent heat to the brine stream and as a 
result the temperature of the brine stream increases across the 
stages.  The distillate product is  collected in the distillate trays and is 
cascaded across the stages . 
I n  each stage, the temperature of the formed vapor is  lower than the 
flashing brine temperature by the boiling point elevation , which is 
affected by the salinity of  the flashing brine and the boiling 
temperature .  Further reduction in the vapor saturation temperature i s  
caused by pressure drop in the demister and during condensation . 
The brine leaving the last stage is divided into two streams; the brine 
blow down stream, which is  rejected back to the sea, and the recycled 
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brine stream. The ratio between these streams can be controlled and 
depends mainly on the intake seawater salinity and temperature .  The 
portion of the brine stream leaving the last stage is mixed with the 
intake seawater stream. The resulting mixtu re has a higher salinity 
and temperature than the intake seawater. The mixing process is  
expected to cau se a thermal shock because of differences in the 
temperatures of the intake seawater and the brine recycle . This would 
result in dissociation of the bicarbonate compounds and formation of 
carbon dioxide gas .  Therefore , the mixing u nit must be properly 
vented to avoid accumulation of non-condensable gases in the brine 
recycle stream. 
In  summary, the main differences between the MSF brine mixing 
system and conventional MSF with brine circulation are: 
a) Removal of the heat rejection section . 
b) Absence of the cooling water loop .  
c) Elimination of the cooling water recycle loop,  which is u sed to 
adjust the flashing temperature of the seawater of the last 
flashing stage in the heat rejection section , when the seawater 
temperatu re becomes very low at winter operation conditions .  
d)  The mixing of the brine recycle and the feed seawater takes 
place in an external mixing tank rather than inside the flashing 
stages .  
e)  The salinity of the rejected brine can be reduced below the 
limiting value of about 70 ,000 ppm; depending on the 
temperature of feed seawater. 
f) The flow rate of feed seawater is  not constant and is  regulated 
su bject to the temperature and salini ty of the seawater. 
The main differences between the MSF brine mixing system and the 
once through MSF configuration are: 
29 
a. Part of the brine flowing in the last stage is recirculated to the 
system.  
b .  Brine recircu lation reduces the flow rate of the feed seawater; 
consequently smaller amounts of chemical additives are u sed 
and smal ler size pretreatment plant is requ ired. 
c. The use of the mixing tank for the feed stream and the brine 
recycle stream gives a better control of the temperature of the 
brine feed to the condenser tubes of the last flashing stage . 
d. The salinity of the recycle brine is  higher than the feed 
seawater. 
e. Dearation of the feed seawater takes p lace outside the stage; 
this reduces the corrosion rate inside the stages .  
f. The system is less sensitive to variations in  feed seawater 
temperature ;  because it can be controlled by the brine 
circulation rate . 
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3.4 The conventional MSF brine circulation process 
Figure 3 . 4  depicts the flow sheet of the MSF process with brine 
circulation which includes six main streams.  These are the intake 
seawater, the rejected cooling seawater,  the distil late product,  the 
rejected brine , the brine recycle ,  and the heating steam to the brine 
heater. The system includes flashing stages ,  brine heater (or the heat 
input section) , pumping units ,  and venting devices .  
Each flashing stage includes a weir or a hydraulic jump for control  of  
the  inlet brine flow rate , brine pool , demister, preheater / condenser 
tubes,  and distillate tray.  Some of the stages are equipped with a 
vacuum system for removal of the non-condensable gases .  The 
flashing stages are divided into two sections,  the h eat recovery and the 
heat rejection sections. The number of flashing stages in the heat 
rejection section is  commonly l imited to three . O n  the other hand ,  the 
number of flashing stages in the heat recovery section varies between 
1 3  and 25 .  The intake seawater is introduced into the inside of the 
preheater / condenser tu bes of the last flashing stage in the heat 
rejection section . Similarly, the brine recycle stream is introduced into 
the inside of the preheater / condenser tubes of the last flashing stage 
of the heat recovery section . The flashing brine flows in counter­
current direction to the brine recycle from the first to the last flashing 
stage . 
The heating steam with a temperature range of 97 - 1 1 7 °C flows and 
condenses on the ou tside of the brine heater tu bes and ,  the brine 
stream flows on the inside of the tubes .  The laten t  heat of the 
condensing heating steam is gained by brine stream and its 
temperatu re is  increased to the desired top brine temperature 
(TBT) .TheTBT minus  the flashing temperature in the last stage defined 
by the total flashing range . 
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The brine enters the first flashing stage at TBT higher than the 
saturation temperatu re corresponding to pressure in that stage . Then,  
a small amount of product vapor is  formed by flashing. The flashing 
process uses  the excess sensible heat of the brine to provide latent 
heat requ ired for vapor formation,  and thus reduces the brine 
temperature.  The temperature reduction across a flashing stages is 
associated with drop in the stage pressure .  The first stage after the 
brine heater has the highest pressure and the last stage has the 
lowest pressure .  The pre ssure drop across the stages allows for brine 
flow withou t the u se of interstage pumping. 
The drastic increase of specific volume at low temperatures puts a 
limit to the last stage brine temperature ( and pressure ) .  Common 
practice limits this temperature of the last stage to 32 and 40 ec, for 
v inter and summer operation ,  respectively. Further reduction in these 
temperatures  results in drastic increase of the velocity of the flashing 
vapor that necessitates the increase of the stage d imensions.  In 
add ition , since most of the stages operate at temperatures below 1 00 
e c ,  the pressure within the stages is at vacuu m  conditions .  This may 
result  in air leakage increase . Since air is non-condensable gas ,  its 
presence reduces the h eat transfer rates within the flash chamber, 
increases of the chamber pressure, and reduces the flashing rates.  
Accumulation of non-condensable gases is  also generated from trace 
amounts of dissolved gases ,  which were not removed in the dearation 
pretreatment .  This necessitates proper venting of  the flashing stages 
to enhance the flashing process and to improve the system efficiency.  
In  each stage , the flashed off vapor flows through the demister, which 
removes any entrained brine droplets .  Brine droplets are entrained by 
h igh velocity vapor because of foaming, bursting of vapor bubbles at 
the brine surface ,  and b rine splashing at the stage orifice . The 
separation of entrained brine droplets is necessary to prevent 
contamination of the d istillate product and redu ction of  i ts  quality. 
Moreover, the separation prevents scale formation on the outside 
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surface of the condenser tubes .  The vapor then condenses on the 
outside surface of the preheater / condenser tubes.  The condensed 
vapor is collected over the distil late trays across the flashing stages to 
form the final product water, which is withdrawn from the last 
flashing stage . The latent  heat released by condensation is used to 
preheat the brine recycle stream in the heat recovery section .  The 
same process takes place in the pre heater / condenser tubes of the 
heat rejection section .  
The intake seawater stream leaving the  heat rejection section is  
splited into two streams .  The first is the cooling seawater stream 
which is rejected back to the sea. The second is the feed seawater 
stream which is mixed with the brine pool of the last stage in the heat 
rejection section .  Prior to the mixing location of the feed seawater 
stream, the blow-down brine stream is withdrawn from the brine pool 
and rejected to the sea. On the other hand,  the recycle brine is 
withdrawn from a location after the mixing point and introduced to 
the last stage of the heat recovery section . 
The main objective of brine rejection to the sea is  to control  salt 
concentration inside the plant .  On the other hand,  the purpose of 
brine recirculation is to decrease the flow rate of the feed seawater 
and recover a part of the heat added to the system in the brine heater .  
This lowers the chemical additive consumption rate and the size of the 
pretreatment facilities for the feed stream . Also, s ince the recycled 
brine contains higher energy than the feed seawater, the process 
thermal efficiency will improve . 
Additional u nits in the desalination plant include pretreatment of the 
feed and the intake seawater streams.  Treatment of  the intake 
seawater is l imited to simple screening and fil tration,  whereas the feed 
seawater treatment is  more extensive and includes dearation and 
addition of antiscalent and foaming inhibitors. Other basic units in 
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the system include pumping u nits for the feed seawater ,  brine recycle , 
and brine blow down . 
Release of non-condensable gases occurs simultaneously with the 
flashing process. The presence of non-condensable gases reduces the 
efficiency of the vapor condensation process due to the low thermal 
conductivity of these gases ,  which act as an insulating layer around 
the preheater/condenser tubes.  In addition ,  the gases reduce the 
satu ration pressure in the flashing vapor, which results in lower 
condensation temperature .  Consequently, the driving force for 
condensation and the overall thermal efficiency of the process are 
reduced . To prevent accumulation of non-condensable gases,  gas­
venting devices are u sed to withdraw these gases from a number of 
flashing stages .  Steam jet  ejectors are commonly u sed to generate 
sufficient vacuum to withdraw the gases from col lection points near 
the preheater / condenser tubes .  The optimum selection of these 
evacuation points is  necessary to minimize the harmfu l  effect of the 
non-condensable gases [ 1 3 ] .  
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4. Objectives of Thesis Work 
1 .  Computer simulation of design of new and evaluation of existing 
MSF plants u sing the commercial software EvapoLund 
2 .  Comparison of computed resu lts with real operating data. 
3 .  Economic evaluation of water cost produced by one of ADWEA 
MSF plants .  
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5 .  Case study 
T\ 0 MSF desal ination plants at the Al-Taweelah dual-purpose power 
and desalination complex were selected for study.  Both are closely 
imilar to each other but are designed , built ,  and installed by different  
companies .  The main objectives of  the study were to  check some 
design data that are provided by the contractor and to evaluate the 
plant performance at fou led operating conditions .  The Al-Taweelah B 
Extension desalination unit  is described in some details in this 
chapter. 
5 . 1 Al-Tawe elah B Desalination Pla nt 
AI-Taweelah B desalination Plant consists of six 20 stage MSF 
desalination units ,  each at a capacity of 1 2 . 7  MIGD. The d istiller has 
1 7  heat recovery and 3 heat rejection sections,  at a total length of 87 
meters,  a w idth of 19 meters, and a height of 4 .2 meters. The 
performance ratio is 9 . 2  at a maximum Top Brine Temperature (TBT) 
of 1 1 2 oC,  and 8 at a TBT of 1 00 °C. The pretreatment Antiscale is  
designed to  be suitable for the  high TBT. The corrosion and errosion 
problems faces the desal ination industry has been overcomed by u se 
of h igh strength Titanium tubes in the rejection section,  and copper 
nickel tubes in the recovery section . The total weight is 3000 tons.This  
plant is  described in brief, but  AI-Taweelah B Extension will be  
described in detailed . 
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5 . 2  Al-Taweelah B Extension Desalination Plant 
Three Hitachi - Zosen MSF u nits were installed during the year 1 999,  
with a capacity of 7 . 7  MIGD each and this group was called Al­
Taweelah B extension plant .  The total length of each unit is 58 . 3  m ,  
the total width is 1 5  m,  and a height o f  2 . 7  meters. The total weight o f  
the un it empty is  1 500 tons.  The following tables d isplay some basic 
information for the whole plant [ 1 5] .  
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5 . 2 . 1 Pro cess Data 
The general data for the de alination process are summarized in the 
following table .  
Table 5 . 1 :  plant process data 
Number of Units Three 
Nominal Production 7 .7  MIGD/ unit 
Nominal PR 6 - 6 . 5  kg D / 2326 kJ 
Nominal Seawater temperature . 3 S ·C 
Maximum TBT 1 0S ·C 
Type of pre-treatment Antiscale ( improved) 
TDS of seawater 44 ,000 ppm 
5 . 2 . 2  Mec hanical Data 
Table 5 . 2 :  Mechan ical data for flash chambers 
Type of plan t MSF - BR, Single Deck, Crossflow 
N umber of stages 1 3  in the recovery section 
3 in the rejection section 
Tube brine velocity 2 .0  m / s  in the recovery section ,  
2 . 5  m/ s in  the  rejection section 
Heat transfer area 4327 m2/ stage in the recovery section ,  
45 1 7  m2/ stage i n  the rej ection section 
Table 5 . 3 :  Mechan ical data for the deaerator 
Design temperatu re SO ·C 
Design pressure 7 bar 
Specific load 1 50 t/ (m2 h )  
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Table 5 . 4 :  Mechanical data for the brine heater 
Type Shell and Tube 
Max temperature difference 7 ·C 
Brine velocity 2 m/ s 
Heat transfer area 6300 m2 
Corrosion allov,:ance (Shell )  3 mm 
Table 5 . 5 :  Mechan ical data for the Vacuum system 
Type of condenser & ejector Barometric 
Design temperature 50 ·C 
Design pressure 7 bar 
Specific load 1 50 t/ (m2 h) 
Table 5 . 6 :  Mechanical data for the main pumps 
I Pump 
Parameter Brine recycle Blowdown Distillate Condensate 
Type Vertical barrel Vertical Horizontal Horizontal 
barrel cen trifugal cen trifugal 
Capacity ,  6926 2854 1 460 248 
m3/ h  
Head , m 60 1 0  36 1 00 
Motor rating 1 545 1 2 0  2 1 0 1 20 
kW 
Material 
Casing Ni resist Ni resist Cast SS 3 1 6 Cast SS  3 1 6 
Impeller Cast SS 3 1 6 Cast SS 3 1 6 Cast SS 3 1 6 Cast SS 3 1 6 
Shaft SS 3 1 6 L SS 3 1 6 L S S  3 1 6 L SS 3 1 6 L 
Barrel GRP GRP (N/A) (N /A) 
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Table 5 . 7 :  Materials of construction for the main plant equipment 
Equipment Equipment detail Construction Material 
Flash tage : Tube Titanium & Cu-Ni 90/ 1 0  
Recovery section Tube sheet Cu -Ni  70/30 and 90/ 1 0  
Tube support SS 3 16 L 
Flash tage : Tube Titanium 
Rejection section Tube sheet Al- Bronze 
Tu be su pport SS 3 1 6 L 
Wall Carbon Steel / Rubber 
, I 
I , SW distributor SS 3 1 6 L Deaerator 
Grating & internals GRP or SS 3 1 6 L 
Packing Polypropylene 
Shell Carbon steel 
I Brine heater Tube Cu-Ni 70/30  
Tube sheet Cu-Ni 70 / 30 
Tube support plate Carbon steel 
Condenser SS 3 1 7 L 
Vacuu m  system Ejector SS 3 1 6 L 
Hog ejector SS 3 1 6 L 
Silencers SS 3 1 6 L 
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5 . 2 . 3  The ball cle aning Syste m 
This mechanical system is  the most effective way to get rid of the soft 
cale that can accumulate and block tubes. Together with appropriate 
chemical additive , the technical lifetime of the distiller can be 
prolonged . The mechanical data of the ball cleaning system is shown 
in table 5 . 8 ,  while figure 5 . 1 depicts a schematic description of the 
process .  
Table 5 . 8 :  Mechanical data for the Bal l  circulation system 
Type Horizontal centrifugal 
Capacity 80 m3/h  
Head g m  
Pump Motor rating 4 kW 
Material 
Casing Ni resist 
Impeller Cast SS 3 1 6 
Shaft SS 3 1 6 L 
Barrel ORP 
material 
Bal l  strainer 
Shell ASTM 3 1 7 LM (uns3 1 726) 
Screen ASTM 3 1 7 LMN 
(uns3 1 726) 
material 
Ball collector Shell ASTM 3 1 7 LMN 
(uns3 1 726) 
Basket ASTM 3 1 7 LMN 
(uns3 1 726) 
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Figure 5 . 1 :  chematic diagram of the bal l c leaning system 
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5 . 2 . 4  Characte ristics o f  the c he mical tre atme nt 
syste m 
Anti scalant and antifoam agents are the main chemicals that are 
u sed for the pretreatment  of seawater. The main equipment needed 
include olu tion tanks and metering pumps. 
The chemical solu tions are stored in vertical cylindrical tanks made of 
3 1 6 L stainless steel .  
The capacity of the metering pumps is  designed to meet 1 00% of the 
nominal capacity of the desalination plant .  Some data are given in 
table 5 .9 ,  and a flow sheet of the anti scalant dynamic test system is 
shown in figure 5 . 2 .  
Table 5 .9 :  characteristics of the chemical systems metering pumps 
Variable Anti sealant system Antifoam system 
Dosing rate (ppm) 2 0 .05  
Head (m) 40 4 
Casing: Cast SS 3 1 6  Head :  Cast S S  3 1 6 
Materials of 
construction 
I mpeller: Cast SS 3 1 6 D iaphram : PFTE 
Shaft : SS 3 1 6 L Valve:  Hastelloy C 
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Figure 5 . 2 :  Flow sheet of the anti sealant dynamic test  apparatus 
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6 .  Simulation results 
The main tool that has been u sed in this thesis is the commercial 
oftware EvapoLund [8J . The program was extensively used to check 
the design data and to evaluate the plant performance of the two MSF 
desalination units that were selected as case studies .  Unfortunately, 
there is no pu blished information regarding the mathematical model 
that is  u sed in the software . In addition to the general description of 
the software that was given in Chapter 2 ,  this chapter includes a 
mathematical background that is  based on the modular structure of 
the soft\\'are . The large numbers of simulation run s  are also 
summarized for both MSF desalination units .  
6 . 1 The software EvapoLund 
EvapoLund is  a general software designed for the simulation of all 
types of evaporation and flashing processes.  The l iquid to be 
processed covers different  industries including desalination , dairy, 
sugar, chemical , pharmaceutical, and paper and pulp industries .  
The program is modular in structure and includes a number of  
modules  describing different types of  evaporators and heat 
exchangers, condensers, flash chambers, compressors, steam jet 
ejectors, etc . I t  also includes mixing and splitting modules for liquid , 
steam and vapor streams .  Each modu le has its own mathematical 
model . The program also includes a comprehensive database for the 
physical properties of seawater as well as other liquors. There is  a 
library containing correlations u sed to compute h eat transfer 
coefficients for different heat transfer surfaces  and flow regimes .  
Account  is made to  all thermodynamic losses in the process such as 
boiling point elevation , and temperature drops due  to pressure drops 
in demisters and conden sers . 
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The graphical in terface allows the user to construct the flow sheet of 
the process using the different modules of the software . For MSF 
desalination plants ,  each stage in the heat rejection and recovery 
sections  is  modeled as two flash chambers connected to a 
preheater / condenser, as shown in figure 6 . 1 .  A liqu id mixing node is 
incorporated to add together the condensed distillate from the flashed 
brine in a stage and that from the flashed distil late from the preceding 
stage . Other modules that must be u sed include vapor-liqu id heat 
exchanger to simulate both the preheater / condenser above each flash 
chamber and the brine heater .  Liqu id and vapor mixing nodes as well 
as liquid and vapor splitting nodes must also be u sed to simulate the 
mixing and splitting of different liqu id and vapor streams in the plant ,  
respectively .  A pressure drop module is used to  simulate the 
temperature drops due to pressure drops in demisters, transmission 
l ines, and condensers . 
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I � 
1 
Figure 6 . 1 :  Heat exchanger and flash chamber 
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6 . 2  Mathe matical background 
Mass, both overall and salt ,  and energy balances are the main 
equations that describe almost all modules.  In addition , rate 
equations  and different correlations for the calculation of overall heat 
transfer coefficients must also be included for modules such as the 
brine heater the preheater I condenser above each flash chamber and 
the final condenser. Other equations that are specific for modules 
such as the steam jet ejector and the mechanical compressor must of 
course be included but are not described here .  The database of the 
software includes the physical and thermodynamic properties of a 
large number of liquors including saline water. The steam table must 
also be included in this database . 
A large number of equations are hence involved in describing a multi­
stage flash flow sheet .  The software solves this set of steady state 
equation system numerical ly rather than analytically . The general 
nature and large flexibil ity of the software requires this approach .  
The flow d iagram for the  MSF process with brine re-circulation , 
described in  Chapter 3 ,  shows one incoming stream that is the feed 
seawater, and two outgoing streams; the distil late product and the 
rejected brine . I t  should be noted that the cooling water stream enters 
and leaves the system without any change in its flow rate or salt 
concentration .  
An overall material balance for the  whole plant is  given by: 
Where M is the mass flow rate and the subscripts b ,  d ,  and f define 
the brine,  dist illate , and feed.  The overall salt balance is given by : 
( 1  ) 
(2) 
Where X is  the salt concen tration .  Equation (2)  assumes that the 
d istil late is salt free .  Equations ( 1 ) and (2) can be rearranged to obtain 
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the expression for the total flow rate of seawater feed in terms of the 
distil late flow rate : 
Mr = Xr j ( Xr - Xr ) Md (3) 
Equation (3)  is used to calculate Mr since the values of Xb, Mr , and Md 
are u su al ly known . 
The temperature profiles for flash stages and condensers must be 
calculated since many process variables and physical properties are 
temperature dependant .  The distribution in the M SF system is 
defined in terms of fou r  temperatures ;  these are the temperatures of 
the steam , Ts, the top brine temperature ,  To , the brine leaving the 
last stage, Tn , and the intake seawater,  Tcw . We can imagine that 
the software starts by assuming a linear profile for the temperature 
in both the flash stages and the preheatersj condensers. 
Accordingly, the temperatu re drop per stage , 6T, can be calculated 
from the known input data: 
l1T = (To - Tn) j n  
Where n i s  the number of recovery and rejection stages .  The 
temperature in the first stage can now be calculated as : 
T l = To - l1T 
And for the second stage as : 
T2 = T l  - l1T = To - 2 l1T 
(4)  
A general expression for the temperature of stage i can be written as : 
Ti = To - i l1T (5 )  
tri = Tn + (n-j )  l1T - (i- I )  l1T (6) 
This gives the general relation for the seawater temperature in the 
5 1  
rejection section :  
Tji == Tcw + (n- i + 1 )  (6Tj i) (7 )  
Material and salt balances for each flash stage wil l  give the amount of 
vapor formed in stage i .  The total amount of distillate, Md,  can then be 
obtained by the summation of the distillate formed in all stages :  
(8) 
Where y is  the amount of vapor formed in each flash :  
y == Cp 6 T / Aav (9) 
where Aav and Cp are the latent  heat and the specific heat capacity,  
respectively .  
The flow rate of  the  recycle stream can be  directly obtained from 
equation (8) , whereas its concentration , Xr, i s  obtained by a salt 
balance:  
( 1 0) 
The flow rate and concentration of the brine stream leaving stage i can 
now be obtained:  
(Mr  - L. Dk) / Bi 
k= l 
( 1 1 ) 
( 1 2) 
The heat transfer area of the brine heater can be calcu lated from the 
rate equation :  
( 13 )  
Where the steam supplied t o  the brine heater is  u sed to increase the 
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feed seawater temperature from trl  to the top brine temperature ,  To . 
I ts flow rate is :  
Ms = Mr Cp (To - tr I ) 1  As ( 1 4)  
The logarithmic mean temperature difference LMTD is given by: 
( 1 5) 
The heat transfer area of the each preheater I condenser in the heat 
recovery section can be calculated from the rate equation:  
Ar = Mr  Cp (tr l - tr2J !  ( Ur (LMTDjr) ( 1 6) 
where 
(LMTDj r  = ( (Tv l - tr l ) - (Tv 1 - tr2 ) ) 1 In ((Tv 1 - tr l ) / (Tv l - tr2 ) )  ( 1 7)  
and 
Tv ! = T l  - BPE I - N EA l  - 6Td l ( 1 8) 
Tv, is  condensing vapor temperature and the parasite losses include the 
boil ing point elevation BPE, the non-equ ilibrium allowance NEA, and the 
temperature drop in the demister, i1Td . The B PE can easily be computed 
as function of temperatu re and concentration .  More input data are 
however requ ired to calcu late the other two losses .  For instance , the gate 
height ,  the height of the brine pool, the stage width , the stage pressure 
drop,  and brine density are all required to compute the non-equilibrium 
allowance NEA .  Usually, the temperature drop in the demister is 
assumed negligible in comparison with BPE and N EA .  
Similarly, the heat transfer area of  the each preheater / condenser in 
the heat rejection section can be calculated from the rate equation : 
Aj = (Mr  + Mew ) Cp (Tjn - Tew ) I (Uj (LMTD)j ) ( 1 9) 
5 3  
Where 
(LMTD) j = ( (Tvn -Tcw ) - (Tvn -Tjn ) ) / ln ( (Tvn -Tcw ) / (Tvn - Tjn)) (20) 
The overall heat transfer coefficients Ub, Ur and Uj can be calcu lated in 
different ways.  The convective and conductive local heat transfer 
coefficients can be computed if  the tube geometric data and materials 
of construction are known . Otherwise an empirical and temperature 
dependant function can be used .  
The total heat transfer area for all preheaters/ condensers in  the heat 
recovery and rejection sections can then be written as: 
Ac = (n-j) Ar + U)  Aj (2 1 )  
6 . 3  Check of the design data for Al-Taweelah B plant 
AI-Taweelah B has a total of 20 stages MSF desalination process,  with 
1 7  stages in the heat recovery section and 3 stages in the heat 
rejection section .  The top brine temperature (TBT) of  the plant is  
1 1 2 °C ,  and the total capacity is  1 2 . 7  MIGD . However, the available 
contractor design data were obtained for a plant capacity of 1 0  MIGD 
and TBT of 1 00 °C.The feed pretreatment process i s  based on h igh 
temperatu re addit ives l ike antiscalant and antifoam agents to prolong 
its l ife .  As a supporting online mechanical cleaning system, a bal l  
c leaning system is  designed to remove soft scale .  The available 
contractor's design data concerns the summer fou led conditions only. 
6.3.1 Construction of the plant flow sheet 
The 20 stages MSF plant was constructed u sing the graph ical 
interface of EvapoLund .  The modules used are flash chambers, vapor­
liquid heat exchangers, liquid and vapor mixing nodes,  liquid and 
vapor splitting nodes, and the module for pressure drop . The resulting 
flow sheet is  shown in figure 6 . 2 .  
5 4  
Figu re 6 . 2 :  Flow sheet of Al-Taweelah B MSF desalination plant 
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6 . 3 . 2  input data 
Table 6 . 1 displays the input data that was u sed to simulate the fouled 
conditions at summer time as was designed by the contractor. The fu ll 
information can be found in Appendix A I .  
Table 6 . 1 :  Input data for Al-Tawee1ah B plant 
Step Component Value 
1 Live steam conditions Ts = 1 1 2 ·C 
Ps = 1 25 kPa 
Mew = 1 7700 t /h  
2 Cooling seawater feed Tew = 32 °C 
TDS= 0 .047 mf 
Tv3 = 89 .3  ·C 
3 Condensers vapor temperature Tv l O =  66 . 3  ·C 
Tv 1 7= 44 .7 ·C 
Tv20= 37 .9 ·C 
NCG ratio = 0 .008 
4 Brine heater Area = 1 0277 m2 
TBT= 1 00 ·C 
Heat recovery section N CG ratio = 0 .008 
5 Stage 1 to 1 7  Area = 6 1 25 m2 I stage 
Tb l = 96 .7  ·C 
Heat rejection section NCG ratio = 0 .008 
6 Stage 1 8  to 20 Area = 5046 m2 I stage 
Tb 1 8= 43 .7  ·C 
7 Splitter of blowdown and recycled Mr/ Mb = 0 . 723 
brine 
8 Splitter of make up  and rejected Mrej / Mcw = 0 .6 1 5  
cooling seawater 
9 Temperature loss in demister TL = 0 .2 ·C/ stage 
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6 . 3.3 output data 
A summary of the output data is  shown in figure 6 . 3 ,  and some 
specific resu lts are also shown in figures 6 .4  to 6 . S .  
The rest o f  the results for Al-Taweelah B at summer fouled conditions 
are shown in Appendix A3 . 
57 
Figure 6 .3 : Summary of the simulation resu lts for Al-Taweelah B plant 
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Summarizing Vapor Liquid Hea t Exchanger values 
Va por  L iqu id  
Heat Exch . Temp. F low Area U-value Log mean Temp in  Flow Temp.  out 
No: (C) (ton/h) (m2) kW/(m2,C) temp. d i ff. (C) (C) (ton/h) (C) 
65 39 . 1  78 .01  5 ,046.0 1 .84 5 .64 32.0 1 7 ,700.00 34 .7  
61  4 1 . 5 69.53 5 ,046.0 1 .66 5 .56 34 . 7  1 7 ,700.00 37. 1 
58 43.7 69.70 5 ,046.0 1 .73 5 .34 37. 1 1 7 ,700.00 39.5 
54 45.9 72.90 6 , 1 25 .0  1 .63 4 .86 39.8 1 9 ,709.25 42 . 1 
51  48 .2  92 .87 6 , 1 25 .0  2 .25 4 .47 42 . 1  1 9 ,709.25 45.0 
49 5 1 . 1  96.39 6 , 1 25.0 2 .37 4 .40 45 .0  1 9 ,709.25 48 .0  
45 54. 1  99.94 6 , 1 25 .0  2 .49 4 . 32 48.0 1 9 ,709.25 5 1 . 1  
42 57 . 1  1 00 .29 6 , 1 25 .0  2.50 4 . 3 1  5 1 . 1  1 9 ,709.25 54.2 
40 60.2 1 00 .65 6 , 1 25 .0 2 .51  4. 30 54.2 1 9 ,709.25 57.3 
36 63.3 1 0 1 .0 1  6 , 1 25 .0 2 .52 4 .29 57 .3  1 9 ,709.25 60 .4  
33  66 .4  1 07 .92 6 , 1 25 .0 2 .77 4 . 1 4  60.4 1 9 ,709 .25 63.7 
29 69.7 1 08.33 6 , 1 25 .0 2 .79 4 . 1 3  63 .7 1 9 ,709 .25 67.0 
26 73 .0  1 05 .46 6 , 1 25 .0 2 .67 4 . 1 7  67 .0 1 9 ,709.25 70.2 
23 76 .2  1 09 . 1 7 6 , 1 25 .0 2 .81  4 . 09 70 .2 1 9 ,709.25 73 .5  
20 79 .4  1 09 .61  6 , 1 25 .0  2 .83 4 .07 73.5 1 9 ,709 .25 76 .8  
1 7  82.7 1 1 0 .06 6 , 1 25 .0 2 .84 4 . 05 76 . 8  1 9 ,709 .25 80 . 1 
1 5  86 . 0  1 1 3 .86 6 , 1 25 .0  3 .00 3.96 80 . 1  1 9 ,709 .25 83.5 
1 1  89 .4  1 07.63 6 , 1 25.0 2 .75 4 . 06 83 .5  1 9 ,709 .25 86.7 
7 92.5 1 1 1 .45 6 , 1 25 .0  2 .91  3 .97 86.7 1 9 ,709 .25 90 . 0  
4 95.8 1 05. 1 5  6 , 1 25 .0  2 .67 4 . 06 90.0 1 9 ,709 .25 93. 1 
2 1 05.0 237.80 1 0 ,277.0 1 .80 8 . 0 1  9 3 . 1  1 9,709.25 1 00 . 0  
Summarizing Flash Chamber values 
Liq u i d  1 o ut L iqu id  2 o ut 
h Ch. F low Temp. Cone. F low Temp. Cone. 
No: (ton/h) (C) (mf) (ton/h) (C) (mf) 
64 1 7 ,835 . 1  39.99 0 .065 1 ,781 . 0  39.29 0 .000 
62 1 7,905.5 42.45 0.065 1 ,7 1 9 . 7  4 1 . 75 0 .000 
59 1 7,968.5 44.64 0 .064 1 ,657 . 1  43 .93 0.000 
55 1 8 ,031 .9  46.83 0 .064 1 ,591 . 0  46. 1 1 0 .000 
52 1 8 ,098.4 49 . 1 1 0.064 1 , 505.2 48 .38 0 .000 
48 1 8, 1 83.7 52.0 1  0 .064 1 ,4 1 7 . 3  5 1 .27 0 .000 
46 1 8 ,272 .6 55.01 0 .063 1 ,325.6 54.26 0 .000 
44 1 8, 365.3 58. 1 1 0 .063 1 ,233.3 57.35 0 .000 
39 1 8 ,458.9 61 . 2 1  0 .063 1 , 1 40 . 2  60 .43 0 .000 
38 1 8, 553.3 64.31  0 .062 1 ,046 . 2  63 .52 0 .000 
34 1 8 ,648.6 67.41  0 .062 944 . 9  66.61 0 .000 
30 1 8 ,750.9 70.71  0 .062 843 . 0  69.89 0 .000 
27 1 8,854 . 3  74.00 0.061 743.3 73 . 1 8  0 .000 
24 1 8,955.5 77.20 0.061 639.3 76.36 0 .000 
2 1  1 9,060.9 80.49 0 .061  534 . 3  79.64 0.000 
1 8  1 9, 1 67 . 4  83.78 0 .060 428 .3  82 .92 0.000 
1 4  1 9 ,274.9 87.07 0 .060 3 1 7 .9  86.20 0 .000 
1 0  1 9 ,386 . 8  90.46 0 .060 2 1 3 . 0  89 .57 0 .000 
6 1 9 ,493.3 93.64 0 .059 1 03 .7  92.74 0 .000 
3 1 9 ,604 . 1  96.92 0 .059 0 . 0  0 . 00 0 .000 
F low 
(ton/h) 
78 .0  
69.5 
69.7 
72.9 
92.9 
96.4 
99.9 
1 00 .3  
1 00.6 
1 0 1 .0 
1 07.9 
1 08 .3  
1 05.5 
1 09 .2  
1 09.6 
1 1 0 . 1  
1 1 3 .9  
1 07.6 
1 1 1 .4 
1 05 . 1  
Vap o r  
Temp. Pressure 
(C) kPa 
39.09 7.0 
4 1 .55 8 .0  
43 .73 9 .0  
45 .91  1 0 .0  
48. 1 8  1 1 .3 
5 1 . 07 1 3. 0  
54 . 06 1 5. 0  
57. 1 5  1 7 .4  
60.23 20 . 1  
63 .32 23 .2  
66 . 4 1  26.6 
69.69 30.8 
72.98 35.4 
76. 1 6  40.5 
79.44 46.3 
82.72 52 . 8  
86.00 60 . 1  
89.37 68.4 
92.54 77.2 
95.81 87 . 1  
- _ . - _ . _ - - - . - - -
Figure 6 . 4 :  Brine heater 
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Vapor-liquid heat exchanger no: 2 
n condo  gases = 1 .902 ton/h 
Sat. temp. = 1 05 .0  C 
Enthalpy = 2684 kJ/kg 
= 1 20 .99 kPa 
ond .  flow out = 2 35.9 ton/h 
Temperature = 1 05 .0  C 
Enthalpy = 440 .4  kJ/kg 
Pressure = 1 20 .99 kPa 
Area = 1 0277 m 2  
U -va lue = 1 .798 kW/(m2,C)  
Log mean temp.  d itto = 8.008 C 
Vapor flow in  = 237.8 ton/h 
Sat. temp. = 1 05 .0  C 
Entha l py = 2698 kJ/kg 
Pressure = 1 2 1 . 0  kPa 
Liqu id  flow in = 1 971 0 ton/h 
L iqu id  flow out = 1 971 0 ton/h 
Temperature = 1 00 .0  C 
E ntha lpy = 388.3 kJ/kg 
Pressure = 1 21 .0  kPa 
Heat capacity = 3 .883 kJ/(kg ,C) 
Concentration = 0 . 0587 mf  
Tem perature = 93. 1 0  C 
E ntha lpy = 361 . 3  kJ/kg 
Pressure = 1 21 . 0  kPa 
Heat capacity = 3.880 kJ/(kg ,C) 
Concentrat ion = 0 . 0587 mf 
Figu re 6 . 5 :  A flash stage in the heat recovery section 
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Vapor-liquid heat exchanger no: 4 
on cond o  gases = 0.841 2 to nIh 
Sat. temp. = 95.81 C 
Entha lpy = 2669 kJ/kg 
Pressure = 87.08 kPa 
ond .  flow out = 1 04 .3  ton/h 
Temperature = 95. 8 1  C 
Entha lpy = 401 .4 kJ/kg 
Pressure = 87.08 kPa 
Area = 61 25 m 2  
U-value = 2.667 kW/(m2,C)  
Log mean tem p. d iff. = 4.065 C 
Vapor flow in  = 1 05 . 1  ton/h 
Sat .  temp.  = 95 .81  C 
Entha lpy = 2672 kJ/kg 
Pressure = 87.08 kPa 
Liqu id  flow in  = 1 97 1 0  ton/h 
L iqu id  flow out = 1 971 0 ton/h 
Tem perature = 93. 1 0  C 
Enthalpy = 36 1 .3 kJ/kg 
P ressure = 1 2 1 .0  kPa 
Heat capacity = 3 .880 kJ/(kg ,C) 
Concentrat ion = 0 .0587 mf 
Tem peratu re = 90. 00 C 
Entha lpy = 349 . 1  kJ/kg 
Pressure = 1 21 . 0  kPa 
Heat capacity = 3.879 kJ/(kg ,C) 
Concentration = 0 .0587 mf 
Figure 6 . 6 :  A flash stage in the heat rejection section 
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Vapor-liquid heat exchanger no: 58 
cond o  gases = 0.5576 ton/h 
temp. = 43.73 C 
a lpy = 2581 kJ/kg 
ure = 8.972 kPa 
nd .  flow out = 69. 1 4  ton/h 
Area = 5046 m2  
= 43.73 C 
= 1 83.0 kJ/kg 
= 8 .972 kPa 
U-va lue = 1 .726 kW/(m2,C)  
Log mean tem p. d iff. = 5.336 C 
Vapor flow in  = 69.70 ton/h 
Sat. temp. = 43.73 C 
Enthalpy = 2583 kJ/kg 
Pressure = 8 . 972 kPa 
Liquid flow in  = 1 7700 ton/h 
L iqu id  flow out = 1 7700 ton/h 
Temperature = 39.50 C 
Enthalpy = 1 55 . 1  kJ/kg 
P ressure = 1 2 1 .0 kPa 
Heat capacity = 3.927 kJ/(kg,C) 
Concentration = 0 .0470 mf 
Temperature = 37. 1 0  C 
Enthalpy = 1 45 .7  kJ/kg 
Pressure = 1 2 1 .0 kPa 
Heat capacity = 3.927 kJ/(kg ,C) 
Concentrat ion = 0.0470 mf 
Figu re 6 . 7 :  Liqu id mixing 
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L i q u id m ix i n g  n o :  69 
iqu id flow 1 i n  = 1 0890 ton/h 
Temperature 
Entha lpy 
Pressure 
Heat capacity 
Concentration 
= 39.50 C 
= 1 55 . 1  kJ/kg 
= 1 2 1 . 0 kPa 
= 3 .927 kJ/(kg ,C) 
= 0 .0470 mf 
qu id f low 2 in  = 4940 to nth 
emperature 
Enthalpy 
Pressure 
eat capacity 
Concentration 
= 39.99 C 
= 1 53.2 kJtkg 
= 7 . 1 02 kPa 
= 3.832 kJ/(kg ,C) 
= 0 . 0648 mf 
................... .. > 
Liqu id  flow out = 1 5830 to nIh 
Temperature 
Entha lpy 
Pressure 
Heat capacity 
Concentration 
= 39.65 C 
= 1 54 . 5  kJ/kg 
= 1 21 . 0 kPa 
= 3 .897 kJ/(kg ,C) 
= 0 .0526 mf 
Figure 6 . 8 :  Liqu id splitting 
63 
uid flow in  = 1 7840 ton/h 
ure 
eat capacity 
oncentratlon 
= 39.99 C 
= 1 53 .2 kJ/kg 
= 7 . 1 02 kPa 
= 3 .832 kJ/(kg ,C) 
= 0.0648 mf 
EVAPOLUND 
D iv id i ng n o :  66 
Page 1 of 1 
to Mixing l iqu ids no:  69 
Liqu id  flow 1 out = 4940 ton/h 
Temperature 
Entha lpy 
Pressure 
Heat capacity 
Concentration 
= 39.99 C 
= 1 53.2 kJ/kg 
= 7. 1 02 kPa 
= 3.832 kJ/(kg ,C) 
= 0.0648 mf 
to M ixing l iq u ids no: 67 
Liqu id  f low 2 out = 1 2890 tonth 
Tem perature 
Entha lpy 
Pressure 
Heat capacity 
Concentration 
= 39.99 C 
= 1 53.2 kJ/kg 
= 7 . 1 02 kPa 
= 3 .832 kJ/(kg ,C) 
= 0 .0648 mf 
09/05/02 02:20 :38 ( 
6. 3.4 Check for heat transfer areas 
The U-value obtained from the first simulation run were u sed 
together with other design data in the second simulation run.  The 
objective was to calcu late the heat transfer areas of all 
preheaters/ condensers. One would expect to get the same values for 
all heat tran fer areas that were used as inpu t data in the first run.  
The results are depicted in figure 6 .9 and can be summarized as 
follows:  
• The calculated heat transfer area of the brine heater is 996 1 .3 
m2 ,  to be compared with the contractor's design value of 1 0277 
m2, which is  3 .2% higher. 
• The contractor's design value for the heat transfer area for the 
1 7  stages in the heat recovery section is 6 1 2 5  m2/ stage . The 
averaged simulation value is 6 1 24 .2 m2/ stage , wh ich is the 
same . 
• The calculated heat transfer area of the 3 stages in the heat 
rejection section area is 458 1 m2/ stage , to be compared with 
the contractor's design value of 5046 m2/ stage, which is 1 0 . 2% 
higher.  
From the results obtained , it may be concluded that the contractor of 
this plant didn 't provide correct mass and heat balance data. 
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Figure 6 . 9 :  Check for heat transfer areas 
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-Summarizing Vapor Liquid Hea t Exchanger values 
Heat Exch.  
No: 
65 
61 
58 
54 
51  
49  
45 
42 
40 
36 
33 
29 
26 
23 
20 
1 7  
1 5  
1 1  
7 
4 
2 
- ' " - _  . . . .. . -
Temp. 
(C) 
39.4 
41 9 
44. 1 
46 1 
48 2 
51 . 1  
54. 1  
57 . 1  
60.2 
63 3 
66 4 
69 7 
73.0 
76.2 
79 4 
82.7 
85.9 
89 .4 
92.5 
95.8 
1 05.3 
Vap o r  
F low 
(ton/h) 
78 03 
69.55 
63.91  
68 1 2  
92.97 
96 49 
1 00 . 05 
1 00 .40  
1 00 .76 
1 0 1 . 1 2  
1 08 .03  
1 08 .45  
1 05 .58 
1 09 . 2 9  
1 09 .73 
1 06.84 
1 1 7 .33 
1 07 . 74 
1 1 1 . 57 
1 05 .26 
238 . 2 1  
Area U-value 
(m2) kW/(m2,C) 
4 , 746 3 1 84 
4 ,741  4 1 .66 
4 ,251  9 1 .73 
5,620.8 1 63 
6 , 1 3 1 . 1  2 .25 
6 , 1 25 .8  2 .37 
6 , 1 33.0 2 49 
6 , 1 28 .4  2 .50 
6 , 1 24 .4  2 .51  
6 , 1 2 1 .3  2 .52 
6 , 1 37 .7  2 .77 
6 , 1 1 9. 7  2 .79 
6 , 1 30.6 2.67 
6 , 1 32.9 2 8 1 
6 , 1 22 .4  2 .83 
5,855.5 2 .84 
6 ,4 1 8 .3  3 .00 
6 , 1 32 . 1  2 .75 
6 , 1 24 .2  2 .9 1  
6 , 1 23 .5  2 .67 
9,961 .3  1 .80 
- -
Liqu id  
Log mean Temp in Flow Temp. out 
temp. d i ff .  (C) (C) (ton/h) (C) 
5 .98 32 .0 1 7 ,700.00 34 7 
5 .90 34 .7 1 7 ,700.00 37 . 1  
5.79 37 . 1  1 7 ,700 00 39 3 
4 .95 40 0 1 9 ,729.40 42. 1  
4 . 48 42 . 1  1 9 ,729.40 45.0 
4 .40 45 .0 1 9 ,729.40 48 0 
4 .33 48 .0  1 9 ,729.40 51  1 
4 .3 1  5 1 . 1  1 9 ,729.40 54 .2 
4 .30 54.2 1 9 ,729.40 57.3 
4 .29 57 .3  1 9 ,729.40 60.4 
4 . 1 4  60.4 1 9 ,729.40 63.7 
4 . 1 3  63.7 1 9 ,729.40 67.0 
4 . 1 8  67 .0  1 9 ,729.40 70.2 
4 .09 70 .2  1 9 ,729.40 73 .5  
4 . 07 73 .5 1 9, 729 .40 76 8 
4 . 1 2 76.8 1 9 , 729.40 80 .0  
3.89 80 .0  1 9, 729.40 83.5 
4 .06 83.5 1 9,729.40 86.7 
3 .97 86.7 1 9 ,729.40 90.0 
4 .07 90 . 0  1 9, 729.40 93 . 1  
8 .26 93 . 1  1 9 ,729.40 1 00.0 
. _ .  _ _ . _ - - - . .  - -
6 . 4  Performance evaluation of Al-Taweelah B plant 
The plan t  operation data was collected for one day during May 2002 
(given in Appendix A2) . This data was used to compute the overall 
heat tran fer coefficients in all preheaters/ condensers of the plant .  
The imu lation results are given in figure 6 . 1 0 .  
Figure 6 . 1 1  [Figure 6 . 3  & 6 . 1 0] shows the difference between the U­
values as predicted by the contractor and those obtained from the 
software simulation using real operating data, both are for fouled 
conditions .  As can be seen from the figure,  the U-values that were 
computed based on real operating data are much lower than those 
supplied by the plant contractor. The most probable explanation for 
this remarkable difference is the need of the plant to be acid washed . 
I t  hould be observed that this plant has been in service for the past 
SLX years on antiscale and ball cleaning systems and has never been 
acid washed , as confirmed by one of the plant engineers. 
As was mentioned in Chapter 2 ,  a special version of the software is 
available for on-line monitoring of process performance [8] . It  i s  
integrated in a data acqu isition system where the appropriate 
sampling frequency can be set .  A limited number of process variables 
are measured and the software u ses the collected data for on-line 
monitoring of the process performance.  This is  done by the 
continuou s computation and graphical display of the heat transfer 
coefficients in  the heat transfer equipment of interest to the plant 
operators. The system compares the calcu lated and the design values 
of the heat transfer coefficients and triggers an alarm in case of any 
malfu nction that affects these values. This would alert the plant  
operators to  start the cleaning scheme . Beside red uction in  process 
capacity and in plant production during shutdown periods for acid 
wash, scale formation can be a real plague.  
6 6  
Figure 6 . 1 0 :  Summary of the simulation results for Al-Taweelah B 
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Summarizing Vapor Liquid Hea t Exchanger values 
Va por  L iqu id  
Heat Exch . Temp. Flow Area U-va lue Log mean Temp in F low Temp. out 
No: (C) (ton/h) (m2) kW/(m2,C) temp. d i ff .  (C) (C) (ton/h) (C) 
65 40 .5 86.68 5 ,046 . 0  1 .66 6 .93 32 .0  1 7 ,700.00 35.0 
61 43.2 60.84 5,046.0 1 . 1 3  7 . 1 5 35.0 1 7 ,700.00 37 . 1  
58 45 . 1  92.82 5 ,046.0 1 .95 6 .30 37 . 1  1 7 ,700.00 40 .3 
54 48.0 96 . 77 6 , 1 25 .0  1 . 79 0 .00 41 . 1  20 ,531 .92 43 .0 
51 51 .0 1 1 8 .79 6 , 1 25.0 2 . 1 5  6 .02 43.0 20,53 1 .92 46.6 
49 54.6 1 53 .48 6 , 1 25 .0  3.06 5 .42 46.6 20 ,531 .92 51 .2 
45 59.3 1 20 .96 6 , 1 25 . 0  2 . 1 1 6 . 1 5  51 .2 20,531 .92 54 . 8  
42 63.0 1 3 1 .62 6 , 1 25 .0 2 .33 6 .03 54 .8  20,531 .92 58.7 
40 67.0 1 32.23 6 , 1 25 .0  2 .30 6 . 1 1  58.7 20,531 .92 62.6 
36 70.9 1 35 .90 6 , 1 25 .0  2 .36 6. 1 3  62.6 20,531 . 92 66 .6 
33 75.0 1 1 5.97 6 , 1 25 .0  1 .87 6.56 66.6 20 ,531 .92 70.0 
29 78.5 1 37 .06 6 , 1 25 .0 2 .32 6 .24 70.0 20,531 .92 74.0 
26 82.5 1 37.68 6 , 1 25.0 2 .30 6.30 74.0 20,531 .92 78 .0  
23 86.6 88 .72 6 , 1 25 .0  2 .70 6.03 78.0 20 ,531 .92 82.5 
20 89 . 1  1 21 .59 6 , 1 25 .0 2.74 4 .62 82.5 20,53 1 .92 86 .0 
1 7  92.6 1 40.20 6 , 1 25 .0 3 .42 4 .24 86 .0 20 ,531 .92 90.0 
1 5  96 .5  1 05.73 6 , 1 25 .0  2 .24 4 . 86 90.0 20 ,531 .92 93.0 
1 1  99.5 1 20 .27 6 , 1 25 .0  2 .70 4 . 58 93.0 20 ,531 .92 96.4  
7 1 02 .8  1 20 .71  6 , 1 25 .0 2 .72 4 .53 96 .4  20 ,531 .92 99.8 
4 1 06 .2 92.35 6 , 1 25 .0  1 .89 4 .99 99.8 20,53 1 .92 1 02 .4  
2 1 1 6 . 1  275.95 1 0 ,280.0 1 .76 9 .35 1 02.4 20 ,531 .92 1 1 0. 0  
-
. . .  - - . _ - - - _ ..... . � - . . .. - _  . . . .. .  - - . 
Summarizing Flash Chamber values 
Liqu id  1 o u t  l i q u i d  2 out  Vapor 
lash Ch.  F low Temp. Cone. F low Temp. Cone, Flow Temp. Pressure 
No. (ton/h) (C) emf) (ton/h) (C) (mf) (ton/h) (C) kPa 
64 1 8, 3 1 4 . 1  4 1 .5 1  0 .070 1 ,522 .4  40.74 0 .000 86 .7  40.54 7.6 
62 1 8 ,393.6 44.23 0 .070 1 ,470 .4 43.45 0.000 60.8 43.25 8 .8  
59 1 8 , 449.6 46. 1 3  0 .069 1 , 385 . 1  45 .34 0.000 92. 8  45. 1 4  9 .7 
55 1 8 ,535.4 49.02 0 . 069 1 ,425.5 48.23 0 .000 96.8 48.03 1 1 .2 
52 1 8 ,624 .7 52.01 0 .069 1 , 326 .4 5 1 .20 0.000 1 1 8 .8 51 .00 1 3 .0 
48 1 8 , 735.0 55.67 0 . 068 1 , 1 85 .9  54.84 0 .000 1 53.5 54 .64 1 5 .5  
46 1 8 , 878 .7  60.37 0 . 068 1 ,075.7 59 .52 0 .000 1 2 1 .0  59.32 1 9 . 3  
44 1 8,992.6 64.05 0 , 067 952 . 1  63. 1 9  0 .000 1 31 .6 62.99 22.8 
39 1 9, 1 1 7.5  68.05 0 .067 827.7 67. 1 7  0 ,000 1 32.2 66.97 27 .3 
38 1 9,243.9 72 .04 0 .066 70 1 .6 7 1 . 1 4  0 .000 1 35.9 70.94 32.5 
34 1 9 , 374.7 76. 1 2  0 .066 594 . 1 75.20 0.000 1 1 6.0  75.00 38.6 
30 1 9 ,487 . 0  79.58 0 .066 464.6 78.65 0.000 1 37 . 1  78.45 44.5 
27 1 9 ,620.6 83.65 0 .065 334.3 82 .7 1  0 .000 1 37 .7  82 .51  52 .4 
24 1 9 ,755.7 87.72 0 .065 677.4 86.76 0.000 88.7 86 .56 6 1 .4 
21  1 9 ,84 1 .3  90.26 0 . 064 562.4 89.29 0.000 1 2 1 .6 89.09 67.7 
1 8  1 9 ,959 .4  93.73 0 , 064 426.9 92.75 0 .000 1 40.2 92.55 77.2 
1 4  20 ,096 .5 97.71 0 .064 325 . 1  96 .72 0 .000 1 05.7 96.52 89 .4  
1 0  20,200.4 1 00.70 0 .063 207.6 99.68 0 .000 1 20.3 99.48 99.5 
6 20 ,31 9.4 1 04 .07 0 . 063 89. 1  1 03 .04 0 .000 1 20 .7  1 02 .84 1 1 2 . 1  
3 20,439.6 1 07.44 0 .063 0 .0  0 .00 0.000 92.3 1 06.20 1 25.9 
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Figure 6 . I 1 : Contractor's and calculated U-values based on real 
operating data for Al-Taweelah B desalination plant 
6 . 4. 1 Check of steam consumption 
The flow rate of l ive steam used in the brine heater, as computed by 
EvapoLund,  is 237 .8  ton/ h .  The corresponding value from the 
collected plant operating data is 240 ton / h ,  which differs by less than 
1 .0% only. Detailed calculations  are given in Appendix A l  and figure 
6 . 3 .  
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6.4.2 Shell load calculation for AI-Taweelah B 
The brine flow at each stage Mb (kg/ h) is divided by stage 
width W (rn) , which is  1 9  rn,  results are shown in table 6 . 2  
Table 6 . 2 :  shell load calculation 
Brine flow SheU load 
t/h ;,: kg/(h m, 
19604 1031789 
19493 1025947 
19386 1020316 
19274 1014421 
19167 1008789 
19060 1003158 
18955 997632 
18854 992316 
18750 986842 
18648 981474 
18553 976474 
18458 971474 
18365 966579 
18272 961684 
18183 957000 
18098 952526 
18031 949000 
17968 945684 
17905 942368 
17835 938684 
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6 . S  C he c k  of the design data for Al-Tawe elah B 
Exte nsio n plant 
Al-Taweelah B Extension MSF desalination plant has a total of 16 
tages ;  13 stages in the heat recovery section and 3 stages in the heat 
rejection section . The plant is designed for a top brine temperature of 
1 05 'e, and a total capacity is 7 . 7  MIGD.  Antiscalant and antifoam 
agents are u ed for the chemical pretreatment of the seawater feed . As 
a supporting online mechanical cleaning system, a ball cleaning 
system is  u sed some hours every day to get rid of soft scales.  
6. 5.1 Construction of the plant flow sheet 
The 1 6  stages MSF plan t was constructed using the graph ical 
interface of EvapoLund, in the same manner that was followed for the 
first case study. The resu lting flow sheet is shown in figure 6 . 1 2 .  
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Figure 6 . 1 2 :  Flow sheet u sed for the simulation o f  Al-Taweelah B 
Extension plant 
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6.5.2 input data 
Table 6 . 3  displays the input data that was u sed to simulate the fouled 
conditions at summer time as was designed by the contractor. The full 
information can be found in Appendix B 1 .  
Table 6 . 3 :  Input data for Al-Taweelah B Extension plant 
Step Component Value 
1 Live steam conditions Ts = 1 20 °C 
Ps = 1 55 kPa 
Mew = 1 8200 t / h  
2 Cooling seawater feed Tew = 35 DC 
TDS= 0 .047 mf 
Tv3 = 1 1 2 . 0  °c 
3 Condensers vapor temperature Tv 1 3= 62 . 4  °c 
Tv 16= 38 .4  °c 
NCG ratio = 0 . 008 
4 Brine heater Area = 6300 m2 
TBT = 105 °C 
Heat recovery section N CG ratio = 0 . 008 
5 Stage 1 to 1 3  Area = 4327 m2/ stage 
Tb l = 1 00 . 5  °c 
Heat rejection section NCG ratio = 0 . 008 
6 Stage 1 4  to 1 6  Area = 45 1 7  m2/ stage 
Tb 14  = 46 .7  °c 
7 Splitter of blowdown and recycled Mr/ Mb = 0 .77 
brine 
8 Splitter of make up  and rejected Mrej/ Mcw = 0 .757 
cooling seawater 
9 Temperature loss in demister TL = 0 .2  °C/ stage 
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6.5 . 3  output data 
A summary of the output data is shown in figure 6 . 1 3 ,  and some 
specific results are also shown in figures 6 . 1 4  to 6 . 1 8 .  
The rest o f  the resu lts for AI-Taweelah B Extension at fouled 
conditions summer time can be found in Appendix B3 . 
7 3  
Figure 6 . 1 3 :  Summary o f  the simulation results for Al-Taweelah B 
Extension plant 
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Summarizing Vapor Liquid Hea t Exchanger valu es 
Heat Exch . 
No.  
52 
49 
46 
43 
41 
37 
34 
30 
26 
23 
20 
1 7  
1 5  
1 2  
8 
5 
3 
- .  " - - "  . . .  -
Temp. 
(C) 
4 1 .6 
44 . 1  
47 .0 
50.6 
53.5 
57.5 
61 .6 
65 .7 
69.8 
74 .0 
78.2 
82.5 
86.7 
91 .0  
95.2 
99.5 
1 1 2 .4  
Va p o r  
F low Area U-value 
(ton/h) (m2) kW/(m2,C) 
59.58 4 ,5 1 7 . 0  1 .60 
66.62 4 ,5 1 7 .0  1 .65 
83.91 4 ,51 7 .0  1 .98 
68.44 4,327.0 1 .58 
95. 1 7  4 ,327.0 2 .45 
96.32 4,327.0 2 .49 
97.96 4,327.0 2 .54 
99.39 4 ,327.0 2 . 59 
1 00.83 4 , 327 .0  2.63 
1 01 .82 4,327.0 2.67 
1 02 .82 4 ,327.0 2 .70 
1 04.08 4,327 .0  2 .74 
1 04.88 4,327 . 0  2.77 
1 05 .45 4,327 . 0  2 .79 
1 06.78 4 ,327.0 2.84 
1 08 . 1 5 4 ,327 . 0  2 .90 
229.65 6 , 300.0 1 .99 
Log mean Temp in  
temp.  d iff. (C) (C) 
5 .51  35.0 
5.95 37.0 
6 .25 39.2 
6 .62 42.4 
5 .92 45.3 
5 .88 49.4 
5 .84 53.4 
5.79 57.6 
5 .75 61 . 7  
5 . 7 1  65.9 
5 .67 70 .2 
5 .63 74.4 
5 .59 78.7 
5.55 83.0 
5 .49 87 .3  
5 .42 91 .6 
1 1 .29 96 . 0  
L iqu id  
Flow Temp. out 
(ton/h) (C) 
1 8 ,200.00 37.0 
1 8 ,200.00 39.2 
1 8 ,200.00 42.0 
1 4 ,451 .34 45 .3 
1 4 ,451 .34 49.4 
1 4 ,451 .34 53 .4 
1 4 ,451 .34 57.6 
1 4 ,451 .34 61 .7  
1 4 ,451 . 34 65.9 
1 4 ,451 .34 70.2 
1 4 ,451 .34 74.4 
1 4 ,451 .34 78.7 
1 4 ,451 .34 83.0 
1 4 ,451 .34 87.3 
1 4 ,451 .34 91 .6 
1 4 ,451 .34 96.0 
1 4 ,451 .34 1 05 .0  
- - ' - - ' - - - '  . .  - -
Summarizing Flash Chamber values 
Liq u i d  1 o ut L iqu id  2 o ut Vap o r  
lash Ch.  F low Temp.  Conc .  Flow Temp. Conc. F low Temp. Pressure 
No. (ton/h) (C) (mf) (ton/h) (C) (mf) (ton/h) (C) kPa 
53 1 3 ,024 . 3  42.54 0 .069 1 ,355.9 4 1 .77 0 .000 59.6 4 1 . 57 8 .0  
50 1 3 ,077.9 45 . 1 1  0 .069 1 ,295 .8  44 .33 0 .000 66.6 44 . 1 3 9.2 
47 1 3, 1 38 .0  47.97 0 . 069 1 ,2 1 9 . 1  47. 1 8  0 .000 83 .9 46.98 1 0 .6 
45 1 3 ,21 4 .3  51 .57 0 . 068 1 , 1 58 . 9  50 .77 0 .000 68.4 50.57 1 2 .7  
40 1 3,276.8 54 .49 0 . 068 1 ,070.4 53.68 0 .000 95.2 53.48 1 4 .6 
38 1 3 ,364 . 3  58.54 0 .068 982 . 5  57.71  0 .000 96.3 57 .51  1 7 .7  
35 1 3 ,453.6 62.62 0 . 067 892.4 61 .77 0.000 98.0 61 . 57 2 1 .4 
31 1 3 , 545.0 66 .75 0 .067 800.3 65.88 0.000 99.4 65.68 25.8 
27 1 3 ,638.4 70.92 0 . 066 706.2 70 .04 0 .000 1 00 .8  69.84 30.9 
24 1 3 , 734.0 75 . 1 3  0 . 066 61 0 .5  74 .22 0 .000 1 0 1 .8 74.02 37 . 0  
2 1  1 3 ,831 .2  79.35 0 .065 51 3 . 1  78 .43 0 .000 1 02 . 8  78.23 44 . 1  
1 8  1 3 ,930 . 1  83 .59 0 .065 41 3 .8  82.65 0 .000 1 04 . 1  82.45 52 .3  
1 4  1 4 ,030.9 87.86 0 .064 3 1 2 .9  86 .90 0 .000 1 04 .9  86.70 6 1 . 8  
1 1  1 4 , 1 33 .4  92. 1 3  0 . 064 21 0 .8  91 . 1 6  0 .000 1 05.5 90.96 72.7 
6 1 4 ,237.2 96.40 0 . 063 1 06.5 95.41  0 .000 1 06.8 95.21 85.2 
4 1 4 ,343.2 1 00 .69 0 .063 0 .0  0 .00 0 .000 1 08 . 1  99.48 99 .5  
Figure 6 . 1 4 :  Brine heater 
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Vapor-liquid heat exchanger no: 3 
condo gases = 1 . 837 tonth 
. temp. = 1 1 2 .4  C 
halpy = 2695 kJ/kg 
= 1 54 .99 kPa 
flow out = 227.8 tonth 
re 
Area = 6300 m2 
= 1 1 2 .4 C 
= 471 .3 kJ/kg 
= 1 54.99 kPa 
U-value = 1 .993 kW/(m2 ,C )  
Log mean temp. d itto = 1 1 .29 C 
Vapor flow in = 229.7 tonth 
Sat. temp. = 1 1 2 .4  C 
Entha lpy = 271 1 kJ/kg 
Pressure = 1 55.0 kPa 
Liqu id  f low in = 1 4450 to nih 
L iqu id  flow out = 1 4450 tonth 
Temperatu re = 1 05 .0  C 
E ntha lpy = 405.8 kJ/kg 
Pressure = 1 55 . 0  kPa 
Heat capacity = 3 .865 kJ/(kg ,C) 
Concentration = 0 .0625 mf 
Temperature = 95.95 C 
Entha lpy = 370.5 kJ/kg 
Pressure = 1 55 .0  kPa 
Heat capacity = 3.861 kJ/(kg ,C) 
Concentration = 0.0625 mf  
Figure 6 . 1 5 :  A flash stage chamber in the heat recovery section 
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Vapor-liquid heat exchanger no: 5 
n condo gases = 0.8652 tonth 
\. 
. temp. = 99.48 C 
halpy = 2675 kJtkg 
ure = 99.47 kPa 
d. flow out = 1 07 .3  tonth 
Area = 4327 m 2  
= 99.48 C 
= 4 1 6 .9  kJtkg 
= 99.47 kPa 
U-va lue = 2.9 kWt(m2,C)  
Log mean tem p.  d iff. = 5 .42 C 
Vapor flow in  = 1 08 .1  tonth 
Sat . temp. = 99.48 C 
Enthalpy = 2678 kJtkg 
Pressure = 99.47 kPa 
Liqu id  flow in = 1 4450 tonth 
L iqu id  flow out = 1 4450 tonth 
Temperature = 95.95 C 
E nthalpy = 370 . 5  kJtkg 
Pressure = 1 55 .0  kPa 
H eat capacity = 3 .861 kJt(kg ,C) 
Concentration = 0 .0625 mf 
Temperature = 9 1 .60 C 
Enthalpy = 353 .5  kJtkg 
Pressure = 1 55 .0  kPa 
Heat capacity = 3 .859 kJt(kg ,C) 
Concentrat ion = 0 .0625 mf 
Figure 6 . 1 6 :  A flash stage chamber in the heat rejection section 
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Vapor-liquid heat exchanger no: 46 
condo gases = 0.67 1 3 ton/h 
temp. = 46.98 C 
py = 2587 kJ/kg 
re = 1 0 .60 kPa 
d. flow out = 83.24 ton/h 
Area = 45 1 7  m2 
= 46.98 C 
= 1 96.6 kJ/kg 
= 1 0 .60 kPa 
U-value = 1 .976 kW/(m2,C) 
Log mean temp. d iff. = 6.25 C 
Vapor flow i n  = 83.91  ton/h 
Sat . temp. = 46.98 C 
Entha l py = 2589 kJ/kg 
Pressure = 1 0 .60 kPa 
Liqu id  flow in  = 1 8200 ton/h 
L iqu id  flow out = 1 8200 ton/h 
Temperature = 42.03 C 
E nthalpy = 1 65 . 1  kJ/kg 
Pressure = 1 55.0 kPa 
Heat capacity = 3.928 kJ/(kg ,C) 
Concentration = 0.0470 mf 
Temperature = 39.23 C 
Entha lpy = 1 54 . 1  kJ/kg 
Pressure = 1 55 . 0  kPa 
Heat capacity = 3.927 kJ/(kg ,C) 
Concentration = 0 .0470 mf 
Figure 6 . 1 7 :  Liqu id mixing 
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L i q u id m ix i n g  n o :  54 
d flow 1 i n  = 1 0030 ton/h 
= 42.54 C 
= 1 62 .0  kJ/kg 
= 8 .0999 kPa 
= 3 .809 kJ/(kg ,C) 
ration = 0 .0694 mf 
uid flow 2 i n  = 4423 to n/h 
= 42.03 C 
= 1 65 . 1  kJ/kg 
= 1 55 .0  kPa 
= 3 .928 kJ/(kg ,C) 
= 0 . 0470 mf 
("'"\ _ _ _  A 
1························;·:> 
Liqu id  flow out = 1 4450 ton/h 
Temperature 
Enthalpy 
Pressure 
Heat capacity 
Concentration 
= 42.38 C 
= 1 62.95 kJ/kg 
= 1 55 .0  kPa 
= 3.845 kJ/(kg ,C) 
= 0.0625 mf 
Figure 6 . 1 8 :  Liqu id splitting 
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id flow i n  = 1 3020 to  nth 
ssure 
at capacity 
ncentration 
= 42.54 C 
= 1 62 .0  kJ/kg 
= 8.0999 kPa 
= 3.809 kJ/(kg , C) 
= 0 .0694 mf 
EVAPOLUND 
D iv i d i ng n o :  56 
Page 1 of 1 
to Mixing l iquids no: 58 
Liqu id  flow 1 out = 2996 to  nIh 
Temperature 
Entha lpy 
Pressure 
Heat capacity 
Concentration 
= 42.54 C 
= 1 62 .0  kJtkg 
= 8.0999 kPa 
= 3 .809 kJt(kg ,C) 
= 0.0694 mf 
to M ix ing l iq u ids no: 54 
Liqu id  flow 2 out = 1 0030 tonth 
Temperature 
Entha l py 
Pressu re 
Heat ca pacity 
Concent rat ion 
= 42.54 C 
= 1 62 .0  kJ/kg 
= 8.0999 kPa 
= 3.809 kJ/(kg ,C) 
= 0.0694 mf 
09/05/02 01  :59:47 ? 
6. 5.4 Check for heat transfer areas 
The U-values obtained from the first simulation run were used 
together with other design data in the second simulation run .  The 
objective was to calculate the heat transfer areas of all 
preheaters/ condensers. One would expect to get the same values for 
all heat transfer areas that were used as input data in the first run .  
The results are depicted i n  figure 6 . 1 9  and can b e  summarized as 
follows:  
• The calculated heat transfer area of the brine heater and the 
corresponding contractor's design value are 6302 .0  m2 and 6300 
m2 ,  respectively. Both values are practically the same . 
• The contractor's design value for the heat transfer area for the 
1 3  stages in the heat recovery section is 4327 m2/ stage . The 
averaged simulation value is 4328 .0  m2/ stage , which is the 
same . 
• The calculated heat transfer area of the 3 stages in the heat 
rejection section and the corresponding contractor's design 
value are 45 1 7  m2/ stage and 45 1 9  m2 / stage , which is the 
same. 
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Figure 6 . 1 9 :  Check for heat transfer areas 
8 1  
Summarizing Vapor Liquid Hea t Exchanger values 
Vap o r  L iqu id  
Heat Exch.  Temp. F low Area U-value Log mean Temp in  Flow Temp. out 
No. (C) (ton/h) (m2) kW/(m2,C) temp. d iff. (C) (C) (ton/h) (C) 
52 4 1 .4 50.64 4 , 506 .7  1 .68 4 .47 36.0 1 8 ,200.00 37.7 
49 43.6 56 .73 4 , 5 1 9 . 1  1 .73 4 .84 37.7 1 8 ,200.00 39.6 
46 46.0 71 .85 4 ,5 1 4 . 1  2 .08 5 .09 39.6 1 8 ,200.00 42.0 
43 49 . 1 64 .63 4 , 330 .5  1 .86 5 .32 42.2 1 4 ,439.39 45 .0  
41 5 1 . 8  96 . 1 1 4 ,323.7 3 .30 4 .46 45 .0 1 4 ,439.39 49 . 1  
37 55 .9 94.20 4 ,329.5 3 . 1 8  4 .5 1  49 . 1  1 4 ,439 .39 53. 1 
34 59.9 99.36 4 ,332 . 1  3 .46 4 .35 53. 1 1 4 ,439 .39 57 . 3  
30 64 . 1  99.85 4 ,327 .5  3 .48 4 . 33 57.3 1 4 ,439.39 61 . 5  
26 68.2 1 02 .73 4 ,330 .4  3 .64 4 .24 61 .5  1 4 ,439.39 65 . 8  
23 72.5 1 03.25 4 ,330 .7  3.66 4 .22 65.8 1 4 ,439.39 70 . 1  
20 76 .8  1 03.78 4 , 323 .0  3.69 4.20 70 . 1  1 4 ,439.39 74 .4  
1 7  8 1 . 1  1 04 . 33 4 ,330.6 3 .71  4 . 1 7  74.4 1 4 ,439.39 78.7 
1 5  85 .4  1 07 . 32 4 , 326.9 3.90 4 . 06 78 .7  1 4 ,439.39 83 . 1  
1 2  89.7 1 05 .47 4 ,326.7 3 .78 4 . 1 0  83 . 1 1 4 ,439.39 87 .4 
8 94.0 1 08 . 52 4 ,330.2 3 .98 3 .99 87.4 1 4 ,439.39 9 1 .8  
5 98.3 1 1 1 .64 4 , 32 8 . 1  4 .21  3 .86 91 . 8  1 4 ,439.39 96.3 
3 1 05 .7  1 93.64 6 , 302.3 4 .29 4 .46 96 .3  1 4 ,439.39 1 04 . 0  
, 
-
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6 . 6  Calculation o f  the U-values for Al-Tawe elah B 
Exte nsio n plant 
Seldom, i f  not  never, a plant  contractor provides the end u ser the 
calcu lated values of the overall heat transfer coefficien ts, based on 
which the heat transfer areas are calculated . In order to compute 
these values for all preheatersj condensers of the plant at both clean 
and fou led conditions,  the contractor's design data at these conditions 
were u sed as input data to the software (Appendix 82) .  The simulation 
results are depicted in figure 6 .20 .  
Figure 6 . 2 1 [Figures 6 .  13  & 6 . 20J shows the  difference between the 
values of the overall heat transfer coefficients at clean and fou led 
conditions .  
8 2  
Figure 6 . 20 :  Summary of the simulation results for Al-Taweelah B 
Extension plant at clean conditions 
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Summarizing Vapor Liquid Hea t Exchanger values 
Heat Exch . 
No: 
52 
49 
46 
43 
41  
37 
34 
30 
26 
23 
20 
1 7  
1 5  
1 2  
8 
5 
3 
- . , .  - _  . . . . .  -
Vap o r  
Temp. F low 
(C) (ton/h) 
4 1 .4  50 .64 
43.6 56.73 
46.0 7 1 .85 
49.1  64 .63 
51 .8  96. 1 1 
55.9 94.20 
59.9 99.36 
64 . 1  99.85 
68.2 1 02.73 
72.5 1 03.25 
76 .8  1 03 .78 
8 1 . 1  1 04 .33 
85 .4 1 07 .32 
89.7 1 05 .4 7 
94.0 1 08 .52 
98.3 1 1 1 .64 
1 05.7 1 93 .64 
Area U-va lue 
(m2) kW/(m2,C) 
4 , 5 1 7 .0  1 .68 
4 , 5 1 7.0 1 .73 
4 , 5 1 7 .0  2 .08 
4 ,327.0 1 .86 
4 , 327.0 3 .30 
4 ,327 . 0  3 . 1 8  
4 ,327.0 3 .46 
4 ,327.0 3 .48 
4 ,327.0 3 .64 
4 ,327 .0  3 .66 
4 , 327.0 3 .69 
4 ,327 .0  3 .71  
4 , 327.0 3 .90 
4 , 327.0 3 .78 
4 ,327.0 3 .98 
4 ,327.0 4 .21  
6 , 300.0 4.29 
- -
Liqu id  
Log mean Temp in  Flow Temp.  out 
temp. d iff. (C) (C) (ton/h) (C) 
4 .47 36.0 1 8 ,200.00 37 .7  
4 .84 37.7 1 8 ,200 .00 39.6 
5.09 39.6 1 8 ,200.00 42.0 
5. 32 42.2 1 4 ,439. 39 45.0 
4 . 46 45.0 1 4 ,439 .39 49 . 1  
4 . 5 1  49 . 1  1 4 ,439.39 53.1  
4 . 35 53. 1 1 4 ,439.39 57 .3  
4 .33 57.3 1 4 ,439 .39 6 1 .5 
4. 24 61 .5 1 4 ,439.39 65.8 
4.22 65.8 1 4 ,439.39 7 0 . 1  
4 . 2 0  70. 1 1 4 ,439 .39 74.4 
4 . 1 7 74 .4 1 4 ,439.39 78.7 
4 .06  78.7 1 4 ,439 . 39 83 . 1  
4 . 1 0  83. 1 1 4 ,439 .39 87 .4 
3 .99 87.4 1 4 ,439.39 9 1 .8 
3 . 86 91 .8 1 4 ,439 . 39 96.3 
4 .46 96.3 1 4 ,439 . 39 1 04.0 
- � . - . .  - - � - - - . -
Summarizing Flash Chamber values 
Liquid 1 o u t  L i q u i d  2 o ut 
Flash Ch .  F low Temp. Conc. F low Temp. Conc. 
No. (ton/h) (C) (mf) (ton/h) (C) (mf) 
53 1 3 ,032.0 42.34 0 .069 1 , 345.3 4 1 .57 0.000 
50 1 3 ,077.6 44.53 0 .069 1 ,294 . 1  43.75 0.000 
47 1 3 , 1 28 .8  46.97 0 .069 1 ,228.3 46. 1 9  0 . 000 
45 1 3 , 1 94 .0  50.06 0 .068 1 , 1 70 .8  49.26 0.000 
40 1 3 ,253.0 52.82 0 .068 1 ,081 .2 52.02 0.000 
38 1 3 ,34 1 .3  56.93 0 .068 995.5 56. 1 0  0 .000 
35 1 3,428 .5  60.93 0 . 067 904.0 60.08 0 .000 
31 1 3 ,52 1 . 1  65. 1 3  0 .067 8 1 1 .6 64.27 0 .000 
27 1 3 ,61 4 .9  69.33 0 .066 7 1 5 .8 68 .45 0.000 
24 1 3 , 7 1 2 .2  73.62 0 .066 61 8.9 72.73 0 .000 
21 1 3 ,81 0 .7  77 .92 0 .065 520.7 77.01 0.000 
1 8  1 3 ,9 1 0 .4  82.21 0 .065 421 .2 8 1 .28 0 .000 
1 4  1 4 ,0 1 1 .5 86 .50 0 .064 3 1 8 .0 85.55 0 .000 
1 1  1 4 , 1 1 6. 3  90.88 0 .064 2 1 5 .9  89.92 0.000 
6 1 4 ,220 . 1  95. 1 6  0 .064 1 09 .9  94. 1 8  0 .000 
4 1 4 ,327.8 99.54 0 .063 0.0 0 . 00 0 .000 
- . . . - _  . . . . . - - -
Flow 
(ton/h) 
50.6 
56.7 
71 .9 
64.6 
96 . 1  
94.2 
99.4 
99.8 
1 02.7 
1 03.3 
1 03.8 
1 04 .3 
1 07.3 
1 05.5 
1 08.5 
1 1 1 .6 
Vap o r  
Temp.  Pressure 
(C) kPa 
41 .37 7.9 
43.55 8.9 
45.99 1 0 . 1  
49.06 1 1 .8 
51 .82 1 3 .5  
55.90 1 6 .4 
59.88 1 9.8 
64.07 24.0 
68.25 28.9 
72.53 34.7 
76 . 8 1  4 1 .6 
8 1 .08 49.5 
85.35 58.6 
89.72 69.4 
93.98 8 1 .4 
98.34 95.5 
- . .  - . , - _ . - . _ - -
-- -- - -- ----- -----, 
Al-Taweelah B ext . U value comparison 
4.5 
• 
4 
U 
N 3 .5  
E 3 
- -+-- Clean 
� 2.5 _ Fouled 
� 
2 
::J 
1 .5 
1 
Figure 6 . 2 1 : Calculated U-values based on design data for Al-Taweelah 
B Extension desalination plant 
6 . 6. 1 Check of steam consumption 
The flow rate of live stearn used in the brine heater, as computed by 
EvapoLund ,  i s  222 .45  ton/ h .  The corresponding value from the design 
data is 222 . 1 7  ton / h .  The difference is negligible [ Appendix B l and 
figure 6 . 1 3] .  
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6.6.2 Shell load calculation for AI-Taweelah B Extension 
The brine flow at each stage Mb (kg/ h )  i s  divided by stage 
width W (m) , which is  1 5  m ,  resu lts are shown in table 6 .4  
Table 6 . 4 :  shell load calculation 
�rine f!0w . . :She11 1oad 
· ,,, ... · : ·· · · tjh ... :: .  ! ;: .. ··:;�Hhj·:�' :, 14343 956200 
14237 949133 
14133 942200 
14030 935333 
13930 928667 
13831 922067 
13734 915600 
13638 909200 
13545 903000 
13453 896867 
13364 890933 
13276 885067 
13214 880933 
13138 875867 
13077 871800 
13024 868267 
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7 .  Economic Evaluation 
An economic study has been carried out  to come u p  with a unit  cost 
for distilled water produced. 
Depreciation , insurance & maintenance costs are three cost 
components included in the production cost of distil led water .  They 
are function of the fixed capital investment cost of the plant ,  so to 
estimate them we have to estimate first the fixed capital investment 
cost.  Some cost items will  be excluded from this study namely land,  
seawater, pollution recovery costs & taxes [ 1 5J .  
7 . 1 Estimatio n o f  IlXe d  capital investment 
There are several methods to estimate the total capital investment 
cost .  Plant cost can be e stimated from the cost of the major project 
equipment elements.  In our study a factored method will be used 
where the cost items are calculated as percentage of equipment price . 
M any published articles and references present various estimating 
factors (percentage) related to equipment price by which we can get 
approximate figures for plant cost without going into details .  
Table 7 . 1 presents the factors u sed and the corresponding cost for 
each item, and the estimated cost is plotted in figure 7 . 1 
8 6  
M $  
onsists of Direct cost + Indirect cost 
Direct Cost 
1 .  Purchased equipment (Cpr) . 28.00 
· Purchased-equipment installation (Cinst) . 30% Cpr 8.40 
· Instrumentation and control (Cinstr) = 3% Cpr 0 . 84 
· Piping (Cp1p) = 7% of Cpr 1 . 96 
· Electrical equipment and materials (Celc) = 1 2% Cpr 3 . 36 
· Civil Works (Cbld) = 1 5% CPr 4.20 
· Service facilities (Csrf) = 1 0% of Cpr 2 . 80 
· Cdc = Cpr + Cinst + Cinstr + Cpip + Celc + Cbld + Csrf 49. 56 
Indirect Cost 
Engineering and supervision (Cengs) = 5% Cdc 2 . 48 
1 0 . Contractors fee (Ccntr) = 3% Cdc 1 . 49 
1 1 . Construction expenses (Ccnst) = 3% Cdc 1 . 49 
1 2 .  Contingency (Ccntg) = 5% Cpr 1 . 40 
3 .  Cic = Cengs + Ccntr + Ccnst + Ccntg 
Distri bution of tota l ca pita l  cost 
30 �------------------------------------------� 
25 
§ 20 
= 1 5  
E 
� 1 0  
5 
o ��������������L-L-L-L-Lr�L-�� 
.... 
(I) 
cJ 
Figure 7 . 1 :  Relative distribution of the total capital cost 
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7.1 .1 Fixed Capital Investment Cost Items 
I .  Direct cost 
1- Purchased Equipment cost 
This comprises of the major plant components such as 
distiller, brine heater, vacuum system, and all pumps, etc . 
This cost has been estimated at 28 M$ ( 1 03 MDh) . 
2- Installation cost of Equipment 
This includes costs of rigging, transportation, scaffolding, 
erection,  mounting, assembly,  and required labor. 
3- Instrumentation Cost 
This includes costs of instruments, bulk material installation,  
tests, and required labor cost. 
4- Electrical Works Cost 
This includes bulk material , electric equ ipment, table trays,  
laying cables ,  l ighting, and required labor . 
5- Piping & Mechanical works Cost 
This includes auxiliary machines, pipes, fittings, and bulk 
material , insulation , testing pipes equipment ,  and required 
labor cost. 
6 - Civil Works Cost 
This includes bu lk material , earth works, landscaping, 
surveying digging, foundations ,  buildings trusses, and 
required labor cost .  
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7 - Services Facilities Cost 
Include temporary facilities, roads, potable water supply, 
sewers, etc . 
The total direct cost component of the fixed capital investment cost 
was estimated at 49 .56 M$ ( 1 82 MDh) . 
II. Indirect cost 
1 .  Engineering & Supervision Cost 
This includes detailed engineering costs, craft and area 
supervisors, field office staff, surveyors, etc .  
2. Contractors Fee Cost 
I ncludes all contractors' fee costs .  
3. Construction Expenses 
This includes temporary construction facil it ies, construction 
tools,  labor payrol l  burden,  insurance, duties,  cost of 
construction equipment ,  power tests, storage etc . . .  
4. Contingency 
This depends on economic conditions & volatility of cost 
estimates.  
The total Indirect cost component of the fixed capital investment was 
6 .85  M$ ( 1 76 MDh) . 
The fixed capital investment is  the sum of the d irect and indirect 
cost components, the total is estimated at 56 . 4 1  M$ (207 MDh) . 
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7.1 .2 Working capital 
The working capital cost is  calculated to be 1 5% of the total 
capital investment ,  which is $ 66 .37 M ,  so working capital cost 
will be 9 .95 M$ (36 .5  M Dh) . 
7.1.3 Annual capital amortization 
The estimated l ife time is 25 years, and interest rate of 7%. 
The capital recovery factor then is found to be as the following. 
Capital recovery factor = I (  1 + I) n / ( 1  + Ip"L 1 
= 0 .07( 1 +0 .07 ) 25/ ( 1 +0 .07) 25- 1  = 0 . 086 
Depreciation= fixed capital investment * Capital recovery factor 
= 56 .4 1 * 0 .086 = 4 .85 M$ 
7 . 2  Estimatio n of Total Pro ductio n Cost of 
Distilled Water 
The total production cost of water is the sum of two mai n  
components, manufacturing cost and general expenses .  The 
components of the total production cost in table 7 .3  and plotted 
in figure 7 . 2 .  
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7.2 .  1 Manufacturing Cost 
The ten main cost items are the following: 
a.  Utilities cost 
I t  is calculated to be the sum of the annual costs of heat and 
e lectric power consumed by the plant for the production of 
distilled water. As can be seen from Table 7 . 2 ,  it is estimated 
to be 9 . 57 M$ per year for a production rate of 1 1 .76 Mm3 of 
water per year. Calculation of u til ity cost is shown in 
Table 7 . 2 .  
Table 7 . 2 :  Utility cost calculations :  
Cost of thermal ener 
Steam consumed (Avg . )  
Temperatu re 
Latent heat of steam 
Heat load (Q) 
Total production 
MJ / h  * m3/ h  
90% of annual production 
Price of low grade steam 
Thermal energy cost 
Cost of electric energy 
90% of annual production 
9 1  
Units Value 
kg/h 200000 
°C 1 20 
kJ/ kg 22 1 2  
kJ/ h  4425 1 5  
m3/ h  1 460 
MJ/ m3 303 
m3/year 1 1 700000 
$ / kWh 0 . 0 1 
MJ/ kWh 3 .60 
M$/year 7 . 8 8  
m3/year 1 1 700000 
$/KWh 0 .04 
M$/year 1 .6 8  
b.  Maintenance and repairs 
This cost is  estimated to be 1 . 5% of the fixed capital investment ,  and 
it is calculated to be 0 .85  M$.  
c .  Operating supplies 
It  is about 1 5% of the maintenance cost , the operation supplies cost is  
0 . 1 3  M$.  
d .  Operating labor 
Labor cost is estimated to be 5% of the total produ ction cost, which is  
0 .73 M$.  
e .  Laboratory charges 
This cost is 1 5% of the operation labor cost; it is estimated to be 
O . I I M$. 
f. Direct supervision 
It is estimated to be 1 7 . 5% of the operation labor cost,  it is calcu lated 
to be 0 . 1 3  M$.  
g. Depreciation 
This is the result of multiplying the fixed capital investment by the 
capital recovery factor; the result wil l  be 4 .85 M$ . 
h. Local taxes 
This component is not applicable in the UAE. 
i .  Insurance 
Insurance cost is 1 %  of the fixed capital investment ;  this has a value 
of 0 . 56 M$.  
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j . Plant overhead 
The estimated cost is 1 0% of the total production cost; the amount is 
1 .46  M$. 
7.2 . 2  General Expenses 
These expenses are described as the following. 
a. Administration costs 
These costs are estimated to be 25% of the operation labor cost, 
the calculated value to be 0 . 1 9  M$.  
b.  Distribution and selling costs 
It is about  5% the total production cost, the value from 
calculation is  0 .73 M$.  
7 . 3  Water unit cost 
The cost of 1 cubic meter of distilled water produced is  equal to the 
total production cost of water yearly divided by the quantity of 
water produced per year. 
Annual capital cost + annual production cost 
= 4 .85 + 1 4 .47 
= 1 9 .32  M$/year 
Annual p lant production = 1 2 .425 * 1 06 m3/year 
Water unit  cost 1 9 .32 x 10 6 ($/year) 
1 2 .43 x 10  6 (m3 /year) 
= l . 55 $/m3 
= 5 .72 Dh/m3 
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Table 7 . 3 :  Estimation of Total Production Cost 
Man cost: 
· Utilities (Cut). 9.58 0.82 
· Maintenance and repairs (Cmnt) = 1 . 5% CIci 0 . 85 0.07 
· Operating supplies (Coprts) = 1 5% Cmnt 0. 1 3  0. 0 1  
· Operating labor (Coplb) = 3>/0 Ctpc 0 . 73 0.06 
· Laboratory charges (CZchrg) = 1 5% Coplb= 0 .75% Ctpc 0. 1 1  0 . 0 1  
Direct supervision (Cdsupu) = 1 7 . 5% Coplb=0 .875% C 0. 1 3  0.0 1 
· Depreciation (Cdpr) 4.85 0. 4 1  
· Local taxes (Ctax) = 3 %  Cfci 0 . 00 0.00 
· Insurance (Cinsur) = 1 % Cfci 0 . 56 0.05 
O . Plant overhead (Cplovh) = 1 0% Ctpc 1 .46 0. 1 2  
co t 
· Administrative costs (Cadmn) = 25% Coplb= 1 .3% Ctpc 0. 1 9  0 . 02 
· Distribution and selling costs (Csell) = 5% Ctpc 0 . 06 
Distribution of total production cost 
0.9 
0.8 1--
0.7 l-
0.6 f-... 
"' 0 .5  Q) >-
f- r-
... 0 .4 Q) f-a. 0.3 � l-
� 0.2 I-
0 . 1  
0 .0  
f- n 0 n I I  r-I n 
Figure 7 . 2 :  Relative distribution of the total production cost 
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8 .  Conclusions and recommendations 
On-line monitoring of process performance should be incorporated in 
this type of complicated desalination plants .  The end user should 
request the installation of a number of measuring devices that could 
help the plant operators to monitor its performance . The commercial 
software proved to be u seful  for off-line simulations .  However, its 
special version for on-line monitoring of process performance should 
be more u sefu l .  Scale formation can be a real plague in seawater 
desalination plants .  On-l ine computation and graphical display of the 
U -values can certainly help monitoring the process performance and ,  
for instance, alert the plant operators i n  case o f  any malfunction that 
affects these values or the need for acid wash . 
It was surprising that the operation data recorded by the computer 
system of newly installed plants are not enough to perform a complete 
evaluation of the plan t  performance . 
One of the case study plants lacked proper operation during winter 
season ,  which will result in higher energy consumption . I t  is therefore 
h ighly recommended that a pump be installed to mix the rejected 
seawater to warm up the fresh feed , or install a heat exchanger 
whatever alternative costs less. 
Process designers and plant contractors to guarantee plant nominal 
capacity under fou led conditions commonly u se over designed heat 
transfer areas. 
World oil market price , cost for land and pollution abatement 
measures should be incorporated in the calcu lation of water unit cost 
to obtain more realistic information . Such information should be 
conveyed to the consumers for more public awareness regarding the 
real cost of desalinated water. The water unit cost calculated for one of 
the plants is  1 . 55 $ / m3 ,  which is higher than desalination units 
operating within the same dual-purpose complex ( 1 .04 $ / m3) . 
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LIST OF SYMBOLS 
A 
B 
BPE 
Cp 
D 
j 
k 
LMTD 
M 
n 
NEA 
P 
PR 
t 
T 
�T 
U 
X 
Y 
Heat transfer surface area, m2 
Flow rate of brine , kg/ s 
Boiling point elevation ,  ·C 
Specific heat at constant pressure ,  kJ / kg ·c 
Flow rate of distillate,  kg/ s 
Number of heat rejection stages 
Thermal conductivity, W / m2 ·C 
Logarithmic mean temperatu re difference , ·C 
Mass flow rate, kg/ s 
Total number of stages 
Temperature loss due to non-equilibrium allowance , ·C 
Pressure, bar 
Thermal performance ratio, kg distil late/ kg l ive steam 
Seawater temperature flowing in the condenser tubes, ·C 
Temperature ,  ·C 
Temperature decrease caused by thermodynamic losses ,  . C 
Overall heat transfer coefficient ,  kJ / (m2 • C) 
Salt concentration , mass fraction 
Fraction of vapor flashed, -
Greek Letters 
Latent heat of vaporization/ condensation ,  kJ /kg 
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Subscripts 
1 First stage 
b Rejected brine ,  brine heater 
c Condenser 
cw Cooling water 
d Prod uct fresh water 
f Feed water 
H Enthalpy,  kJ / kg 
i stage i 
j Flash stage in the heat rejection section 
o Brine stream leaving the brine heater 
N stage n 
r Recycle brine ,  Flash stage in the heat recovery section 
s Live steam 
v Condensing vapor 
Abbreviations (Economic  Evaluat ion) 
Cpr 
Cinst 
Cinstr 
Cpip 
Celec 
Purchased equipment cost 
Instal lation cost of purchased-equ ipment 
Instrumentation and control cost 
Piping 
Electrical equipment and materials 
97 
Chid Civil works cost 
Csrf Service facilities 
Cengs Engineering and su pervision 
Ccntr Can tractors fee 
Ccnst Construction expenses  
Ccntg Can tingency cost 
Cwrk Working capital cost 
Cut Utilities cost 
Cmnt Maintenance and repairs 
Coprt s  Operating supplies 
Coplh Operating labor cost 
Clchrg Laboratory charges 
Cdsupv Direct supervision cost 
Cdpr Depreciation cost 
Ctax Local taxes 
Cinsur Insurance 
Cplovh Plant overhead cost 
Cadmn Administrative costs 
Csell Distribution and selling costs 
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Appendices 
1 .  Appendix A AI-Taweelah B simulation data and 
results 
Appendix A l  Al-Taweelah B - Mass and heat balance 
( Fouled) 
Appendix A2 Al-Taweelah B - Operation data 
Appendix A3 Al-Taweelah B - Simulation results (Extra) 
2 .  Appendix B AI-Taweelah B extension simulation 
d ata and results 
Appendix B 1 Al-Taweelah B ext - Summer time mass and 
heat balance ( Fouled ) 
Appendix B 2  Al-Taweelah B ext - Summer time mass and 
heat balance ( Clean ) 
Appendix B 3  Al-Taweelah B ext - Simulation results (Extra) 
1 0 1  
Appendix A l  AI-Taweelah B Mass and heat balance ( Fouled) 
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Appendix A2 AI-Taweelah B operation data 
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Appendix A3 AI-Taweelah B - Simulation results (Extra) 
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Va por i n  n o :  1 
Vapor flow in  = 237.8 ton/h 
'� . 
,/ 
Sat. temp. 
Enthalpy 
Pressure 
n _ _ _  A _ I:  A 
= 1 05.0 C 
= 2698 kJ/kg 
= 1 2 1 .0 kPa 
Vapor-liquid heat exchanger no: 2 
n condo  gases = 2 . 1 1 8  ton/h 
temp. = 1 1 3.99 C 
ntha lpy = 2697 kJ/kg 
= 1 63.6 kPa 
d .  f low out = 262.6 ton/h 
re = 1 1 3 .99 C 
Area = 1 0280 m 2  
= 478.3 kJ/kg 
= 1 63.6 kPa 
U-value = 2 . 1 4 kW/(m2,C)  
Log mean temp.  d itto = 7 .357 C 
Vapor flow in  = 264.7 ton/h 
Sat. temp. = 1 1 3.99 C 
Entha lpy = 2697 kJ/kg 
Pressure = 1 63.6 kPa 
Liqu id  flow in  = 1 9590 to nIh 
L iqu id flow out = 1 9590 ton/h 
Temperature = 1 09 .8  C 
E ntha lpy = 425.6 kJ/kg 
Pressure = 1 63 .6  kPa 
Heat capacity = 3 . 876 kJ/(kg ,C) 
Concentration = 0 .0609 mf 
Tem perature = 1 02 .2  C 
Entha lpy = 395 .8  kJ/kg 
Pressure = 1 63.6 kPa 
Heat ca pacity = 3.873 kJ/(kg ,C) 
Concentration = 0 . 0609 mf 
Liquid in no:  72 
Liqu id  f low in = 1 7700 t on/h 
Temperature 
Enthalpy 
Pressure 
Heat capacity 
= 32 . 00 C 
= 1 25.6 kJ/kg 
= 1 21 .0 kPa 
= 3. 925 kJ/(kg ,C) 
Concentration = 0 .0470 mf 
ncoming l iq u i d  is  sea water 
.. \ I A r'\ l"""\ f I I t.. I r"\  
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Condensate out no: 73 
Cond o  flow out = 1 858 ton/h 
Temperature 
E ntha lpy 
Pressure 
Heat capacity 
1 \  ' I!.  ,...... "' • •  ' '' ' '"'-
= 39 .29 C 
= 1 64 .5  kJ/kg 
= 7 . 1 02 kPa 
= 4 . 1 87 kJ/(kQ ,C) 
r"\ _ _ _  ... _ I:  ... 
L i q u i d  m ix i ng n o :  67 
'quid flow 1 i n  = 1 2890 to nIh 
emperature 
Entha lpy 
ressure 
eat capacity 
oncentration 
= 39 .99 C 
= 1 53 .2 kJ/kg 
= 7 . 1 02 kPa 
= 3 .832 kJ/(kg ,C) 
= 0 . 0648 mf 
qu id  flow 2 in = 68 1 5  ton/h 
emperature 
ntha lpy 
ressure 
eat capacity 
oncentrat ion 
= 39.50 C 
= 1 55 . 1  kJ/kg 
= 1 21 . 0 kPa 
= 3 .927 kJ/(kg ,C) 
= 0 . 0470 mf 
r- \  ' A  r" r"". 1 I . ..  I f'"""\ n _ _ _  A 
....... ...... ............... ;.7' 
Liqu id  flow out = 1 971 0 ton/h 
Tem perature 
Entha lpy 
Pressure 
Heat capacity 
Conce ntrat ion 
= 39.82 C 
= 1 53.9 kJ/kg 
= 1 21 .0 kPa 
= 3.865 kJ/(kg ,C) 
= 0 .0587 mf 
uid  fl ow in  = 1 7700 to nth 
ressure 
eat capacity 
oncenlration 
= 39.50 C 
= 1 55 . 1  kJ/kg 
= 1 21 . 0 kPa 
= 3.927 kJ/(kg ,C) 
= 0 .0470 mf 
EVAPOLUND 
D ivi d i ng n o :  70 
Page 1 of 1 
to M ixing l iqu ids no: 67 
Liqu id  flow 1 out = 681 5 to nth 
Tem perature 
Enthalpy 
Pressure 
Heat capacity 
Concentrat ion 
= 39.50 C 
= 1 55 . 1  kJtkg 
= 1 2 1 . 0  kPa 
= 3.927 kJt(kg ,C) 
= 0 .0470 mf 
to M ixing l iqu ids no: 69 
L iqu id  flow 2 out = 1 0890 ton/h 
Temperature 
Entha lpy 
Pressure 
Heat ca pacity 
Concentration 
= 39.50 C 
= 1 55 . 1  kJtkg 
= 1 21 0 kPa 
= 3.927 kJ/(kg , C) 
= 0.0470 mf 
09/05/02 02:21  :09 ? 
C o n dense r  n o :  1 3  
Vapor flow i n  = 2 .594 ton/h 
Sat. temp.  = 89.30 C 
Enthalpy = 2664 kJ/kg 
Pressure = 0 kPa 
Necessary cool i ng  effect = 1 650 kW 
Condo  flow out = 2.594 ton/h 
Temperature 
Entha lpy 
Pressure 
Heat capacity 
t'""\ _ _ _  A 
= 89.30 C 
= 373.9 kJ/kg 
= 0 kPa 
= 4 . 1 87 kJJ(kg ,C) 
Appendix B 1 Al-Taweelah B ext - Summer time mass and heat 
balance ( Fouled ) 
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Appendix B2 Al-Taweelah B ext - Summer time mass and heat 
balance ( Clean ) 
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Appendix B3 Al-Taweelah B - Simulation results (Extra) 
107 
C ondenser n o :  1 
Vapor flow i n  = 1 .837 ton/h 
Sat. temp. = 1 1 2 .4  C 
Entha lpy = 2695 kJ/kg 
Pressure = 1 54.99 kPa 
cessary cool ing  effect = 1 1 35 kW 
Cond o  flow out = 1 .837 ton/h 
Temperature 
Enthalpy 
Pressure 
Heat capacity 
r-'\ _ _ _ .... _ .£  ... 
= 1 1 2 .4 C 
= 471 .3  kJ/kg 
= 1 54 .99 kPa 
= 4 . 1 95 kJ/(kg , C) 
" n 'I"'\ r u"' ..... 1"\ ... . A r" . "" 1"'\ 
Condensate out no: 6 1  
Condo  f low out = 1 41 5  ton/h 
Temperature 
Entha lpy 
Pressure 
Heat capacity 
= 4 1 . 76 C 
= 1 74 . 8  kJ/kg 
= 8 .0999 kPa 
= 4 . 1 87 kJ/(kg ,C) 
r-'\ _ _ _  '" 
L i q u i d  m ixi n g  n o :  58 
u i d  flow 1 in  = 1 3780 t o  nth 
emperature 
nthalpy 
ressure 
eat capacity 
= 42.03 C 
= 1 65 . 1  kJtkg 
= 1 55 .0  kPa 
= 3.928 kJ/(kg ,C) 
oncentrat ion = 0 . 0470 mf 
uid flow 2 in  = 2996 ton/h 
m perature 
tha lpy 
essure 
at capacity 
ncentration 
= 42.54 C 
= 1 62 . 0  kJtkg 
= 8 . 0999 kPa 
= 3 . 809 kJt(kg ,C) 
= 0 .0694 mf 
� _ _ _  A 
-" 
Liqu id  flow out = 1 6770 tonth 
Temperature 
Entha lpy 
Pressure 
Heat capacity 
Concentration 
= 42. 1 2  C 
= 1 64 .5  kJtkg 
= 1 55 .0  kPa 
= 3.907 kJ/(kg ,C) 
= 0.05099 mf 
i d  flow in  = 1 8200 ton/h 
m perature 
tha lpy 
ssure 
at capacity 
ncentration 
= 42.03 C 
= 1 65. 1 kJ/kg 
= 1 55 .0  kPa 
= 3 .928 kJ/(kg ,C) 
= 0 .0470 mf 
EVAPOLUND 
Div id i n g n o :  57 
Page 1 of 1 
to Mixing l iqu ids no: 54 
Liqu id  f low 1 out = 4423 to nIh 
Tem perature 
Entha lpy 
Pressu re 
Heat ca pacity 
Concentration 
= 42.03 C 
= 1 65 . 1  kJ/kg 
= 1 55.0 kPa 
= 3.928 kJ/(kg ,C) 
= 0 .0470 mf 
to M ix ing l iquids no: 58 
Liqu id  f low 2 out = 1 3780 to nih 
Temperature 
Entha lpy 
Pressure 
Heat ca pacity 
Concentration 
= 42.03 C 
= 1 65 . 1  kJ/kg 
= 1 55 .0  kPa 
= 3.928 kJ/(kg ,C)  
= 0 .0470 mf 
09/05/02 01  :57 : 54 r 
Liquid in no:  
Liqu id flow i n  = 1 8200 ton/h 
Temperatu re = 35.00 C 
Enthalpy = 1 37 .4 kJ/kg 
Pressure = 1 55.0 kPa 
Heat capacity = 3.926 kJ/(kg ,C) 
Concentration = 0.0470 mf 
pming  l i qu id  is sea water 
r-, I ,.  n ",,", 1 I ., ' ''"'  r"'\ _ _ _  A 
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Condensate out " 0 :  73 
Condo  flow o ut = 2232 to nIh 
Temperature 
E ntha lpy 
Pressure 
Heat capacity 
r- \ / A n ,......." I ' '' I � 
= 35.77 C 
= 1 49.8 kJ/kg 
= 5.869 kPa 
= 4 . 1 87 kJ/(kg ,C) 
1""""1 - - - ... ", ,, ,,,, C U", ,, A '"  . r ", . '"  A 

